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ABSTRACT 
 
Ions possess an interesting behavior in solution when they reach the size of the nanometer 
scale. When carrying moderate amount of charge on their surface, these macroions, 
mainly polyoxometalate (POM) clusters, tend to self-assemble into hollow spherical 
blackberry-like structures in aqueous solution, with the counterion mediated attraction as 
the major driving force. Interestingly, macroions can undergo the self-recognition 
phenomena by recognizing their own type when mixed with other macroionic species in 
solution. This self-recognition phenomenon is shown to be universal and exist when 
almost identical macroions carry very high and very small amount of charges on their 
surface. Moreover, macroions with anisotropic surface charge density distributions tend 
to deviate from the normal spherical blackberry structures and assemble into rod-like 
morphologies as a result of the directionality of the interaction when the effect of 
hydrogen bonding is weaker. Furthermore, specific hydrogen bonding and hydrophobic 
interactions cause a reverse trend of blackberry size vs. solvent polarity compared to the 
normal charge regulated self-assembly process of macroions into blackberries. Finally, 
the counterion mediated attraction is shown to be extended to polymer systems with 
POM clusters in the main chain. Scattering techniques (DLS, SLS and SAXS) along with 
electron microscopy were the major techniques used in understanding the complex 
macroionic solutions.    
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CHAPTER I 
 
 
INTRODUCTION 
 
 Macroions represent a unique missing gap between the simple ionic and colloidal 
state. It was shown earlier that macroions can self-assemble into single layer hollow 
spherical blackberry-like structure in polar solvents. The major driving force for such 
assembly behavior is attributed to be the counterion mediated attraction. Thus, changing 
parameters that affects the state of the counterion in solution can strongly influence the 
blackberry size, e.g. changing the solvent polarity or the pH.  Moreover, macroions were 
shown to undergo self-recognition phenomena by recognizing their same type and 
assembling into multiple homogeneous blackberries rather than heterogeneous ones.  
 In Chapter II of the dissertation a broad overview to macroions will be presented. 
The two major theories that govern the solution behavior of simple ions and colloids will 
be discussed to show how macroions behave differently in solution. The major focus will 
be on polyoxometalate inorganic clusters and how they self-assemble into blackberries. 
The possible driving forces will be discussed in detail to show how they contribute to the 
self-assembly process. The background will also include a detailed description on how to 
control the blackberry size and a thorough description of the examples of the macroions 
that can undergo self-recognition. 
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 In Chapter III all the experimental techniques that were used in the experiments 
provided in this dissertation will be discussed with a major focus on light scattering. Both 
dynamic light scattering and static light scattering were used to characterize the 
assemblies in solution by comparing the hydrodynamic radius and the radius of gyration. 
Information on how to predict the particle shape from light scattering studies will also be 
discussed. Further information regarding zeta potential and transmission electron 
microscopy along with small angle x-ray scattering will also be provided.  
 A more detailed study showing the universal self-recognition behavior among 
macroions will be discussed in Chapter IV. Two weak electrolyte macroions are shown to 
undergo a universal self-recognition phenomenon upon adjusting the pH. Changing the 
pH causes changes to the clusters’ charge density as a result of the deprotontation 
process. Light scattering were used to prove that two species are present in solution  
when the clusters carry high and low charges in solution; thus, confirming the self-
recognition process. 
 The self-assembly of a macroion with anisotropic surface charge density 
distribution is discussed in detail in chapter V. The spherical nature of the blackberries is 
shown to be the result of the isotropic distribution of charge on the surface of macroions. 
In chapter V, a deviation from the spherical structure is achieved when a combination of 
acetone and water were used as the solvent to minimize the contribution from hydrogen 
bonding. This study helped in generating an new idea that other interactions such as 
hydrogen bonding are indeed contributing to the interactions among macroions and the 
effect of other interactions such as the addition of hydrophobic groups or the effect of 
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specific hydrogen bonding interactions should be explored.  In chapters VI and VII, the 
presence of hydrophobic groups and specific hydrogen bonds is shown to reverse the 
trend of the blackberry size vs. the solvent polarity of the confirming the stronger effect 
from the other intermolecular forces to the self-assembly process of macroions into 
blackberries.  
 In this dissertation, an extension of the counterion mediated attraction to 
polymeric systems will also be discussed in chapter VIII. A polyelectrolyte containing 
polyoxometalate inorganic clusters in its main chain were shown to attract each other and 
form cylindrical assemblies with the addition of a bad solvent. The zeta potential of the 
system dropped as the bad solvent is added confirming the counterion association 
process.  
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CHAPTER II 
 
 
BACKGROUND 
 
2.1 Overview of Macroions 
 
Historically, there are two different theories that characterize the behavior of ions 
in solution: a) the Debye Hückel theory
1
 which explains the solution behavior of simple 
ions such as Na
+
 and Cl
-
 by considering the fact that those ions can be treated as point 
charges that form thermodynamically stable real solutions and b) the Derjaguin-Landau-
Verwey-Overbeek (DLVO theory)
2
 that explains the solution behavior of large colloidal 
charged particles (~100nm to 10um size) that can be stabilized by a the balance of van 
der Waals forces attractive forces, and the electrostatic repulsive forces. The colloidal 
solutions are thermodynamically unstable and precipitate from solution. Thus, one can 
clearly see that there is a missing gap in the understanding of the solution behavior of 
charged particles having the size of the nanometer scale (macroions). As a result of their 
larger size compared to simple ions, the Debye-Hückel theory fails to explain their 
solution behavior, since they can no longer be treated as point charges.
3
 Moreover, in the 
macroionic regime, the size disparity between macroions and their balancing counterions 
is much smaller than those of colloidal systems, suggesting that the widely accepted 
DLVO theory for colloidal systems fails to explain the solution behavior of macroions, 
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since the size disparity between the colloidal particle and its counterion is very large.
3
 
Due to the fact that many important classes of molecules lie within this macroionic 
regime (1-10nm) such as DNA, RNA and polypeptides, and the current two accepted 
theories do not really explain the solution behavior of particles of such sizes, a clear 
understanding of the solution behavior of such particles needs to be understood. In order 
to start developing the theory from an experimental point of view, candidates for such 
studies should not only be stable, rigid, highly symmetric and monodispersed, but more 
importantly must have high controllable charge density distribution on their surface.  
Examples of such molecules are polyoxometalates (POMs)
4
 and metal organic 
nanocages
5
 and hydrophilic charged polyhedral oligomeric silsequioxane (POSS)
6
 and 
Uranyl peroxide Nanocages.
7
 
 
2.2 Introduction to Polyoxometalates (POMs) 
 
POMs are a large group of rigid, stable, well-defined, and gigantic anionic 
clusters. Their molecular structure is built through the corner-, edge- or face-sharing of 
early transition metal (Mo, W, Nb, Ta, V, Pd…etc.) oxygen polyhedra into larger 
architectures with high symmetry.
8
  Due to the structural diversity, electronic, optical and 
magnetic properties of POMs, they have been widely used for many different 
applications including: molecular magnetism
9
, protein sequencing
10
, solar cells
11
, stimuli 
responsive materials
12
, catalysis
13
, medicine
14
 and storage devices.
15
 As a result of those 
many applications and the development of modern techniques, many scientists around the 
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world are starting to pay attention to this class of molecules. Currently there are a large 
number of POMs that were synthesized with different shapes, sizes with different 
chemical and physical properties.
16
 The metal oxygen polyhedral that make up the POM 
structures have the general formula of [MOx]n where M is the early transition metal, x is 
normally 4-7 and n is the number of repeated polyhedra. POMs are normally negatively 
charged and are balanced by small simple counterions such as Na
+
, K
+
 and NH4
+
.
17
 Their 
overall charge density can be tuned by substituting the central transition metal and 
changing the oxidation state of the metal ion.
18
 Due to their rigid structures, well-defined 
geometries, and controllable surface charge density, POMs have been the major models 
used in order to understand the solution behavior of macroions.
19
 
 
2.2.1. Categories of POMs 
 
Since many POMs have been synthesized with different physical and chemical 
properties, several categories were developed by POM scientist to classify those 
clusters.
20
 
 
2.2.1.1 Small POMs with Low Charge Density 
 
This category shows some examples of the most famous POM inorganic clusters 
such as the Anderson, Keggin, Dawson and Lindqvist as well as some noble metal based 
POMs. 
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Figure 2.1 Structures of the different Small POMs. a) Lindqvist, b) Keggin, c) Anderson, 
and d) Wells-Dawson POM. Reproduced from Ref. 20 with permission from The Royal 
Society of Chemistry. 
 
 
a) Lindqvist POMs 
 
Lindqvist POMs are a family of isopolyoxoanions with a general chemical 
formula of [Mo6O19]
n-
 (M= Mo, W, Ta, Nb, V). Lindqvist POMs are formed as a result of 
the fusion of six Mo6 octahedra connected together through edge-sharing to produce a 
structure with Oh symmetry (Figure 2.1a). There has been a great effort in the recent 
years to functionalize the Lindqvist POM structures with organic tails in order to create 
new materials with different crystalline properties.
21
 
 
b) Keggin POMs 
 
 Keggin POMs are a family of heteropolyanions. They have a general formula of 
[XM12O40]
n-
 where M is normally Mo or W and X is a heteroatom that is most commonly 
known to be P
5+
 and Si
4+
. The Keggin structure was first proposed in 1928 by Linus 
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Pauling to consist of tetrahedral [XO4]
n-8
 units surrounded by twelve MO6 octahedral 
units to create an overall Td symmetry (Figure 2.1b).
22
 The structure of the Keggin POM 
was further confirmed experimentally using X-ray diffraction by J.F. Keggin in 1933.
23
 
Many different Keggin isomers has been isolated and confirmed. The Keggin structure 
was also shown to be sensitive to the pH. Upon increasing the pH, the acidic Keggin 
POM will transform in solution into mono-, di- or tri-lacunary Keggin POMs by the 
removal of M-O unit.
24
 
 
c) Anderson POMs 
 
 The Anderson POMs are another family of small POMs with the molecular 
formula of [XO6M6O24]
n-
. Anderson POMs are planar structures with D3d symmetry 
(Figure 2.1c). The central XO6 octahedron is surrounded by six edge sharing MO6 
octahedral units. The central atom (X) is known to be a transition metal such as Mn, Cr 
and Pt. Organometallic chemists are mainly interested in functionalizing the Anderson 
type POM with organic tails to create inorganic-organic hybrid materials that are used for 
catalysis.
25
   
 
d) Wells-Dawson POMs 
 
 The Wells-Dawson POMs are a family of heteropolyoxoanions consisting of 
molecules whose formula is [X2M18O62]
n-
 where M is normally a tungsten atom. Wells-
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Dawson POMs are normally created when two XM9O34 units get fused together through 
sharing of six oxygen atoms (Figure 2.1d). The Wells-Dawson POMs have been widely 
used in water splitting and catalysis due to their stability in bulk and solution states.
26
  
 
e) Noble Metal POMs 
 
Nobel Metal POMs are a family of anionic clusters that contain noble metals such 
as ruthenium, osmium, rhodium, palladium, platinum, silver and gold within their 
structure. POM chemists categorize the noble metals into two categories: a) Small POMs 
such as the Anderson, Keggin and Wells-Dawson where the heteroatom is a noble metal 
and b) New POMs made with mainly palladium and gold.
27
 Many different 
polyoxopalladates, polyoxoaurates and clusters containing both gold and palladium have 
been synthesized by Ulrich Kortz.
28
 Some of the structures are shown in Figure 2.2. 
 
 
Figure 2.2 Structures of the different noble metal POMs. a)  [Pd
II
13As
V
8O34(OH)6]
8-
 (Pd 
(blue), As (yellow), O (red)). b) [Au
III
4O4(AsO4)4]
8- 
(Au (yellow), As (blue), O (red)). c) 
[NaAu
III
4Pd
II
8O8(AsO4)8]
11- 
( Au (yellow), Pd(blue), As (green), O (red)). 
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2.2.1.2 Large POMs 
 
 
The progress in inorganic chemistry has led to the development of many different 
large polyoxometalates by molecular self-assembly from solution. The most famous giant 
POMs are the molybdenum blue and molybdenum brown.
4
 Historically, Native 
Americans observed the mysterious “blue waters” near what is known now as Idaho 
Springs and the Valley of Ten Thousand Smokes.
29
 These “blue waters” are now believed 
to have amounts of molybdenum blues.
30
 Achim Müller has been the pioneer in 
investigating the synthesis and structural characterization of giant molybdenum based 
POMs.
31
 The challenge in their characterization comes from the difficulty in obtaining 
single crystals due to their high solubility in water. Nowadays there are many different 
large polyoxometalates synthesized based on molybdenum and tungsten.
32
 Figure 2.3 and 
Table 2.1 summarizes the structures of large POMs. These large POMs are ideal 
candidates for the solution studies of macroions as a result of their nanometer size, 
structural rigidity, and controllable charge density. These large POMs are classified as 
either strong electrolytes that release all of their counterions in solution, or weak 
electrolytes that are neutral and tend to deprotonate by releasing H
+
 upon dissolution.
33
 
Currently, there are many giant POMs synthesized in the laboratory to obtain different 
shapes including, wheels, and spherical C60-like Keplerates.  
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Figure 2.3 Structures of different large POMs. 
 
 
Table 2.1. Structural Information for the POMs shown in Figure 2.3 
Abbrev. Chemical Structure Charge 
 
[Mo72Fe30]
34
 
 
[Mo
VI
72Fe
III
30O252(CH3COO)12{Mo2O7(
H2O)}2{H2Mo2O8(H2O)}(H2O)91] ca. 
150H2O 
0 to -1 at 
pH<2.9 
-1 to -29 at 
2.0 < pH< 6.6 
{Mo72Cr30}
35
 [{Na(H2O)12}⊂{Mo
VI
72Cr
III
30O252(CH3C
OO)19(H2O)94}]ca. 120H2O 
                -5 
 
{Mo132}
36
 
(NH4)42[{(Mo
VI
)Mo
V
I5O21(H2O)6}12 
{Mo2O4(CH3COOH)}30]ca. 300H2O ca. 
10CH3COONH4 
 
-42 
{Mo154}
37
 Na15[Mo154O462H14(H2O)70]0.5[Mo152O457
H14(H2O)68]0.5 ca. 400H2O 
-15 
 
{Mn40P32W224}
38
 
 
K56Li74H22 [Mn40
III
P32W224
VI
O888] ca. 
680H2O 
 
    -152 
 
{P4Y8W43}
39
 
 
 
 
K15Na6(H3O)9[(PY2W10O38)4(W3O14)]39
H2O 
 
        -40 
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2.2.1.3 Actinyl Peroxide POMs 
 
There has been a great progress in synthesizing POM based clusters that contain 
actinides rather than transition metals as their central elements, since it is easier to 
separate radioactive species when their sizes become larger (nanometer scale) compared 
to simple uranyl ions.
40
 Since 2005, there have been 39 different actinyl based clusters 
(38 uranyl based and 1 neptunyl based) reported in the literature. In all of the clusters, the 
actinyl ions are bridged together by bidentate peroxide ligands. Other linkages such as 
hydroxyl groups, pyrophosphate and oxalate can also be present in some clusters.
7
   
Figure 2.4 shows the structure of the U60 and the U20P10 structure. The U60 has a bucky-
ball like cage consisting of 60 uranium centers composing of hexagonal and pentagonal 
cavities. These cavities allow different counterions with specific sizes to penetrate 
through the cage.
41
  U20P10 is a smaller uranium cluster that contains the pyrophosphate 
linkages.
42
 The advantage of the phosphate groups is one can use phosphorous based 
NMR spectroscopy to investigate their stability in solution.  
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Figure 2.4 Structures of U60 and U20P10. 
 
 
2.3 Introduction to the Solution Behavior of Simple Ions and Colloids 
 
Before discussing the solution behavior of macroions, one needs to understand 
why these macroions are special. Some very fundamental molecules that are essential for 
life such as proteins, DNA and RNA have sizes in the macroionic regime.
43
 The solution 
behavior of macroions in not well understood and there is believed to be a missing gap 
between the simple ions that are described by the Debye-Hückel theory and the larger 
colloidal particles that are described by the DLVO theory.
44
 Moreover, the solution 
behavior of polyelectrolytes is also still not well understood due to the existence of the 
slow mode that suggests the presence of larger species in solution if a semi-dilute 
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concentration is used.
45
 This polyelectrolyte slow mode is still under many arguments 
and is very poorly understood. Thus, investigating how macroions behave in solution 
may provide insights on the solution behavior of polyelectrolytes. 
 
2.3.1 Simple Ionic Solutions  
 
In 1923, Dutch chemist Peter Debye and German physicist Erich Hückel worked 
together towards the development of the first theory that describes the solution behavior 
of strong electrolyte solutions.
46
 The Debye-Hückel theory accounts for the non-ideal 
behavior of strong electrolyte solutions as a result of their strong electrostatic interactions 
among oppositely charged ions. The Debye-Hückel theory describes that for a given ion 
in solution, there exist extra counterions in the surroundings with a net charge equal in 
magnitude but opposite to the central ion. The time average spherical cloud is known as 
the ionic atmosphere. In order for the Debye-Hückel theory to be valid, the following 
assumptions have to be met: 1) solutions have to be very dilute (≤0.01M), 2) the 
electrolytes have to dissociate completely in solution and 3) the size of the solute 
particles has to be negligible (point charges).
47
  
As a result of the ionic atmosphere, the Gibbs free energy and the chemical 
potential of the system are lowered and can be calculated as the difference between the 
chemical potential of the solution and the chemical potential of the ideal case as shown in 
equation (1): 
 
 15 
 
i = i
ID
 + RTln 
                  (1) 
 where i  is the chemical potential of the system, i
ID
 is the chemical potential of the 
ideal solution, R is the gas constant, T is the temperature and   is the activity coefficient 
of ions. From equation (1), the Debye-Hückel limiting law is calculated as shown in 
equation (2) for an aqueous solution at 25 
o
C 
 
log  = −|𝑧+𝑧−|(0.509)𝐼
0.5               
 (2) 
Where z+, z- are the charge of the cation and the anion and I is the ionic strength of the 
solution. The Debye-Hückel theory also describes the concept of charge screening by 
introducing the Debye length (k
-1
) as the thickness of the ionic atmosphere as shown in 
equation (3), 
𝑘−1 = (
𝜀0𝜀𝑘𝑏𝑇
2𝑁𝐴𝑒2𝐼
)0.5 
(3) 
where ε is the dielectric constant, ε0 is the permittivity constant, kb is the Boltzmann 
constant, NA is Avogadro’s number and e is the charge of the electron. The charge is 
screened if the position of the counterion from a central ion is larger than the Deybe 
length.
48
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2.3.2 Colloidal Solutions 
 
Compared to the thermodynamically stable small simple ions, colloidal particles 
are usually thermodynamically unstable large particles that tend to precipitate from the 
solution. The most commonly used theory to understand the solution behavior of larger 
colloids is the DLVO theory. The theory is named after the four scientists that 
contributed to its development (Derjaguin, Landau, Verwey and Overbeek).
49
 It discusses 
that the solution behavior of colloidal particles is governed by the balance between the 
electrostatic repulsion arising from the charges of the double layer surrounding the 
particle and the attractive van der Waals interactions that are strongly size dependent. The 
total potential energy is considered to be the sum of all attractive and repulsive forces as 
shown below,  
𝑉𝑇 =  𝑉𝐴 + 𝑉𝑅 
               (4) 
where VT is to total potential energy, VA is the attractive potential (van der Waals forces) 
and VR is the repulsive potential (electrostatic interactions).  The attractive potential is 
given by,  
𝑉𝐴 = − 
𝐴
12𝜋𝐷2
 
                        (5) 
where A is the Hamaker constant that is related to the strength of the van der Waals 
interactions and D is the separation between particles.  The repulsive potential is given 
by, 
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𝑉𝑅 =
64𝑛𝑘𝑏𝑇𝛾0
2exp (−𝑘𝐷)
𝑘
 
(6) 
where n is the concentration and k is the inverse Debye length. 𝛾0 is a ratio that is derived 
from the Gouy Chapman theory.
50
  
 
2.3.2.1 Features of the DLVO Potential Curve 
 
The sum of both attractive and repulsive potential gives the overall potential 
energy diagram (Figure 2.5) that contains a primary minimum, secondary minimum and a 
primary maximum. At the primary minimum, an irreversible flocculation process exists 
as a result of the stronger van der Waals interactions. On the other hand a reversible 
flocculation process occurs at the secondary minimum. The primary maximum indicates 
the presence of a potential energy barrier that colloidal particles need to overcome in 
order to coagulate.
51
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Figure 2.5 The DLVO potential curve showing the minima and the maximum.
52
 
 
2.3.2.2 Stability of Colloidal Particles. 
 
The addition of extra electrolytes to a solution of colloidal particles causes them 
to start coagulating in solution. The concentration of electrolyte that is required to cause 
this coagulation process is known as the critical coagulation concentration (CCC). The 
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explanation for such coagulation phenomena is explained as the concentration of 
electrolyte increases, the potential energy barrier of the DLVO curve (the primary 
maximum) becomes lower and lower until it reaches a total value of zero (Figure 2.6). 
This suggests that the attractive potential from the van der Waals interactions attraction is 
becoming more dominant and overcoming the electrostatic repulsion between particles 
when more electrolytes are added to the solution.
53
  
 
Figure 2.6 The effect of addition extra electrolyte is shown to decrease the primary 
maximum. The CCC is the concentration of electrolyte when the total potential is zero.
53
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Schulze and Hardy used the expressions for the attractive van der Waals forces and the 
repulsive electrostatic interactions (equations 5 and 6) to compute an expression for CCC 
to be what is known now as the Schulze-Hardy rule
54
, 
𝐶𝐶𝐶 ∝  
1
𝑧6
                                                                      (6) 
where z is the charge of the electrolyte counterion added into the system. Thus, it seems 
that the charge of the counterions added to the system is the most important factor in 
controlling the stability of the colloidal particles. Other factors such as the hydrated size 
of the counterion also have an effect on controlling the stability limits of colloidal 
particles. It was shown that the CCC decreases with decreasing the hydrated size of ions. 
Counterions with larger hydrated sizes prefer to stay free in the solvent rather than 
associating with colloidal particles. Therefore, the following trend is observed for CCC, 
Li
+
 > Na
+
 > K
+
 > Rb
+
 > Cs
+ 
One needs to add more lithium ions compared to cesium ions to the solution in order to 
achieve colloidal coagulation.
49
  
 
2.4 The Solution Behavior of POM Macroions 
 
POMs can be dissolved in water and other polar solvents as a result of their 
charged hydrophilic nature. POMs that release all of their counterions are strong 
electrolytes and normally fully charged in solution. On the other hand, weak electrolyte 
POMs are neutral and tend to deprotonate upon solvation, thus their charge density can 
be controlled by varying the pH of the solution.
55
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2.4.1 Characterization of the Solution Behavior of Macroion 
 
Interestingly, these POM clusters do not like to stay as single cluster in solution, 
but tend to somehow associate with each other to form spherical morphologies as 
depicted in transmission electron microscopy images for the dilute{Mo154} aqueous 
solution.
30
 Furthermore, a dilute solution of {Mo154} showed a Tyndall effect 
phenomenon, suggesting the presence of larger particles; as a result, laser light scattering 
(LLS), which is an important technique in polymer and colloidal science, can be used to 
characterize these solutions, since it can include both dynamic and static light scattering 
(DLS and SLS) measurements.
30
 
From SLS, the weight average molecular weight (Mw) of a polymeric particle, the 
radius of gyration and the second virial coefficient (A2) can be determined. The 
information obtained from SLS can help us understand the nature of the interaction 
between the solvent and the solute particles by, whether the solvent is considered good or 
bad, the A2 coefficient can help identifying. DLS measures the intensity-intensity time 
correlation function using a multi-channel digital correlator.
56
 The CONTIN algorithm
57
 
will then be used to analyze the correlation data and provide the diffusion coefficient and 
the hydrodynamic radius (Rh) of spherical particles in solution. 
Information regarding the shape of the particle can be obtained by performing a 
combination of DLS and SLS. If Rh = Rg then hollow spherical structures are expected in 
solution, if Rg = 0.77 Rh then solid spheres are expected to exist in solution, and if the Rg 
is greater than the Rh then rods are expected to exist in solution.
58
 For the dilute solution 
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of {Mo154} (0.010 mg/mL) at low pH the average Rh was measured using DLS to be 45 
nm. The average Rh is comparable to the radius of the spherical assemblies in the TEM 
images. A Zimm plot was derived from the SLS data to indicate that the spherical 
assemblies have an average Mw of (2.54±0.25) ×10
7
 g/mol. Moreover, the Rg is 
calculated from the Zimm plot to be 45nm, which is equal to the Rh obtained from DLS. 
The relationship of Rh = Rg is a characteristic of a hollow spherical particle, in which all 
the mass of the particle is distributed along its surface.  Since, the morphology is 
confirmed to be hollow spheres, it is expected that that 115 {Mo154} clusters can occupy 
the space of a hollow sphere with a radius of 45 nm and an average Mw of (2.54±0.25) 
×107 g/mol, with an intermolecular distance of 0.9 nm. Such hollow spherical assemblies 
of POM macroions are currently known as “blackberry” structures.30  
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Figure 2.7 The Characterization of the self-assembly process of {Mo154} clusters into 
blackberries in aqueous solutions. Reprinted with permission from Ref 30. Copyright 
2003 Nature Publishing Group. 
 
The self-assembly process of 0.010 mg/mL {Mo154} clusters is shown in figure 
2.7. The spherical morphology is somewhat similar to that observed for surfactant 
molecules that tend to self- assemble into bilayer vesicle like structures through the 
hydrophobic effect, thus it is interesting to study the driving force behind the blackberry 
formation process of POMs, since POMs normally are pure inorganic molecules without 
any hydrophobic groups that generate attractions in the aqueous media.   
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2.4.2 Driving Force for Macroions 
 
It has been shown that not only {Mo154}, but other POMs such as {Mo72V30}, 
{Mo72Cr30}, {Mo132} and many more can assemble in solution to form these new 
“blackberry”-like structures. Since POMs are charged and hydrophilic, theoretically, they 
would like to remain as single clusters in solutions as a result of the electrostatic 
repulsion arising from their like charges. Thus, investigating how these blackberry 
structures form and exist in solution has been the major topic of study of our group for 
the past decade. The driving forces for such assemblies will be described to highlight the 
important intermolecular interactions that guide the POM clusters into forming regular 
spherical assemblies. 
 
2.4.2.1 van der Waals Forces 
 
The short ranged attractive van der Waals forces tend to decay to zero when the 
separation between two particles or molecules increases. van der Waals forces originate 
from the instantaneous dipole as a result of the fluctuation of electron clouds around 
nuclei of particles. Due to the large number of nuclei present in large colloids, the effect 
of van der Waals forces is very significant.
53
 For solution systems containing POMs, the 
effect of van der Waals forces is much weaker than that of colloids mainly because of the 
smaller size of POMs (nanometer scale). To investigate the effect of van der Waals 
interactions on the blackberry formation process, dilute solutions of {Mo132} were 
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prepared using different acetone/water mixed solutions with different compositions of the 
pure solvents. In pure water, discrete {Mo132} clusters are observed in solution as a result 
of the strong electrostatic repulsion that arises from the -42 charges on the cluster’s 
surface. When the acetone composition is between 3-70%, the {Mo132} clusters self-
assemble into blackberry-like structures. Interestingly, when the sample is dissolved in 
pure acetone, no blackberries are observed. The transition from single clusters to 
blackberries to single clusters is interesting and is depicted in figure 2.8.
59
 
It is expected that when the composition of water increases, the clusters carry 
more charge on their surface, suggesting that macroions should repel each other; 
however, blackberries form in solutions where the composition of water reaches 97%. 
During such process (Figure 2.8), the magnitude of the attractive van der Waals forces is 
unchanged, mainly because the sizes of the clusters do not change. This suggests that the 
van der Waals interactions exist in the system, but they do not seem to be the major 
contributing driving force for the formation of the blackberry structures.  
 26 
 
 
Figure 2.8 The transition between single clusters to blackberries to single clusters with 
solutions of different acetone/water contents. Reprinted with permission from Ref 59. 
Copyright 2007 American Chemical Society. 
 
Furthermore, the weak electrolyte {Mo72Fe30} POMs remain as uncharged single 
clusters in solution at low pH. Upon increasing the pH, these POMs will carry more 
charges on their surface as a result of the deprotonation of the water ligands. Thus, it is 
expected that these weak electrolyte clusters repel each other at higher pH due to the 
strong electrostatic repulsion arising from the chargers; however, the self-assembly 
process is shown to still occur in solution and the blackberries have different sizes at 
different pH (figure 2.9) indicating that van der Waals forces are not the major driving 
force for the assembly process.
33
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Figure 2.9 The size of the blackberry changes upon changing the pH of aqueous solution. 
Reprinted with permission from Ref 33. Copyright 2007 American Chemical Society. 
 
 
2.4.2.2 Hydrogen Bonding 
 
 
Due to the presence of many water and oxo- ligands in POMs structure, hydrogen 
bonding is expected to contribute to the formation of supramolecular blackberry 
assemblies. For instance, both {Mo72Fe30} and {Mo72Cr30} (similar shape and size 
macroions, but different charge desnity) self-assemble into blackberry structures when 
increasing the pH of the system.
60
 As mentioned earlier, their surface charge density can 
be controlled by accurately tuning the pH of the sample to control to deprotonation 
process. At some specific pH for both samples, the overall charge density can be made 
equal. It is expected that when macroions having same shape, size and charge density, 
their corresponding blackberry structures should be identical; however, it has been shown 
that when the clusters carry the same charge both {Mo72Fe30} and {Mo72Cr30}  on the 
surface, blackberry formation with different sizes are observed for the two samples. This 
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can be the result of the water bridged hydrogen bonding. Interestingly, at low pH, both 
{Mo72Fe30} and {Mo72Cr30}  remain as single clusters in solution, suggesting that 
hydrogen bonding is also not a primary driving force for the self-assembly behavior of 
macroions.  
 
2.4.2.3 Counterion mediated attraction 
 
Sogami and Ise first proposed that weak interactions due to counterions may to 
exist in colloidal systems.
61
 Due to the smaller size of counterion compared to the size of 
colloidal particle, this weak attraction was not given strong recognition from the 
community of colloid science. Since the size of macroions is much smaller than colloids, 
it is expected that counterions may have a strong effect on the solution behaviour of 
macroions.  Small angle X-ray scattering was used to explore the effect of counterions on 
the assembly behaviour of macroions in solution. A highly charged Keplerate-type POM 
{Mo72V30} (Na8K14(VO)2[{(Mo
VI
)Mo
VI
5O21(H2O)3}10{(Mo
VI
)Mo
VI
5O21(H2O)3(SO4)}2-
{V
IV
O(H2O)}20{V
IV
O}10({KSO4}5)2] ca.150H2O)  is an ideal model for such study since 
it is highly charged, stable, and very symmetric. The spherical and symmetric character 
of {Mo72V30} makes the fitting of SAXS data much convenient.
62
   
A spherical model was used to fit the SAXS data for 0.1 mg/mL solution of 
{Mo72V30}. The Rg was calculated from the SAXS data to be 10.8Å suggesting that the 
macroions are free clusters in solution, since they have a diameter of about 2.5nm. 
Moreover, the distance pair distribution p(r) was obtained using the Moore Indirect 
Fourier transform fitting.  p(r) is the probability of finding the length r in a molecule that 
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is becoming zero at the maximum vector length. In the case of solutions of {Mo72V30} 
the p(r) shows the presence of a peak that is a characteristic of spherical core-shell 
morphology with a highest dimension of 2.6nm (Figure 2.10).
62
 
 
Figure 2.10 . Left: distance distribution of {Mo72V30} (0.26mM) in different mixtures of 
water and acetone((—): 75 % acetone/water, (○): 65 % acetone/water, (- - - -): 45 % 
acetone/water, (••••): 10 % acetone/water, (□): in pure water. Reprinted with permission 
from Ref. 62. Copyright 2009 John Wiley and Sons. 
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A small peak starts to appear at larger size in the p(r) plot when a small amount of 
acetone is added to the system, while the original peak is still present. This suggests that 
when acetone is added to the system, the counterions will start to associate with the 
{Mo72V30} clusters and blackberries start to form due to decreasing the electrostatic 
repulsion as a result of lowering the surface charge density distribution.
62
 These results 
help explaining the blackberry size increment upon increasing the amount of acetone for 
solutions of {Mo132} (Figure 2.8). 
 
Figure 2.11 A carton representing the enhanced counterion association upon increasing 
the amount of acetone in the system. Reprinted with permission from Ref. 62. Copyright 
2009 John Wiley and Sons. 
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2.5 Controlling the Size of the Blackberries in Solution.  
 
Since the counterion effect is the strong factor that control the self-assembly 
process of macroions to form blackberries, then factors that affect the state of the 
counterion in solution will have a strong impact on controlling the blackberry size. In this 
section the effect of solvent polarity, pH, and the addition of extra electrolytes and 
cationic surfactants will be discussed in detail to prove the strong effect of the charge 
density. Furthermore, other factors such as introducing small hydrophobic groups on 
POM surface were also shown to have an effect on controlling the size of the assemblies 
in solution. 
 
2.5.1 Effect of Changing Solvent Polarity for Strong Electrolyte POMs 
 
As mentioned in section 2.4.2.3, increasing the amount of acetone in the system 
causes an increase of the blackberry size. Counterions like to stay as single ions in water, 
since water is a good solvent for them.  When a less polar solvent is added to the system, 
the solvent will become bad for the counterion and therefore these counterions tend to 
start to associate with POM macroions, hence reducing the overall strong electrostatic 
repulsion and resulting in blackberry formation in solution.
63
 The attraction among 
macroions becomes stronger when more and more counterions are associated with the 
clusters. This decreased repulsion causes more macroions to associate with each other 
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and the blackberry size increases. Figure 2.12 shows the linear dependence of the 
blackberry size with the inverse of the dielectric constant of the solvent.
44
  
 
2.5.2 Effect of pH on the Blackberry Size for Weak Electrolyte POMs 
 
Weak electrolyte POMs are neutral clusters in their single crystals. Once in 
solution, these POMs such as {Mo72Fe30} become charged in solution as a result of the 
partial deprotonation of the water ligands that are coordinated to the non-Mo center. The 
pH of the solution changes from neutral, to 3.4 when {Mo72Fe30} with a concentration of 
1.0 mg/mL is dissolved in aqueous solution. The number of protons released into the 
solution can give an idea of the effective charge of the {Mo72Fe30} POMs in solution; 
therefore, a simple pH measurement can provide useful information regarding the charge 
density of the clusters.
60
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Figure 2.12 The dependence of the blackberry size on the polarity for three different 
Keplerate-type POMs in solvents with different polarities. The blackberry size increases 
with decreasing the polarity of the solvent (usually acetone water mixture). Reprinted 
with permission from Ref 44. Copyright 2010 American Chemical Society. 
 
 
A pH of 3.4 indicates that 7-8 protons are being deprotonated from the water 
ligands into the solution. The deprotonation process is pH dependent; thus, by correctly 
adjusting the pH of the solution using HCl or NaOH, the charge density can be adjusted. 
Figure 2.13 shows how the blackberry formation process depends on the pH of the 
solution. At low pH, (smaller than 2.9), {Mo72Fe30} clusters are almost neutral; thus they 
tend to stay as single clusters. Upon increasing the pH to 2.9, the clusters will start to 
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have small amount of charges on their surface and blackberry structures can be observed 
in solution. Further increase of the blackberry size causes the blackberry size decreases 
until the pH reaches 6.5 where the clusters are no longer stable. At lower pH, {Mo72Fe30} 
carry very small charges on their surface, thus the blackberry size is larger due to the 
small electrostatic repulsion between them. Increasing the pH creates more charges on 
the surface of {Mo72Fe30}, suggesting that the electrostatic repulsion is starting to become 
stronger, resulting in smaller blackberries at higher pH. Similarly, another cluster 
{Mo72Cr30}, having same shape and size to{Mo72Fe30}, self- assemble into blackberry 
structures in water. The blackberry size is larger than {Mo72Fe30}, suggesting that 
{Mo72Fe30} has a higher charge compared to {Mo72Cr30} in water.  The reason for the 
charge density difference was attributed to the difference in water ligand lability, since 
the water ligands that are coordinated to Cr
3+
 are very inert and therefore, more stable and 
harder to deprotonate.
60
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Figure 2.13 The effect of changing the pH on blackberry size for weak electrolyte POMs, 
diamonds: {Mo72Cr30} and squares: {Mo72Fe30} Reproduced from Ref. 60 with 
permission from The Royal Society of Chemistry. 
 
 
 
Figure 2.14 A cartoon representing the assembly process of a weak acid salt POM.  
Reprinted with permission from Ref 64. Copyright 2010 American Chemical Society. 
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2.5.3 Controlling the Blackberry Size for Weak Acid Salt Macroions 
 
Weak acid salt POMs have lie between the strong and weak electrolytes. In 
solution, they tend have moderate charge density, while also containing further 
deprotonations sites similar to {Mo72Cr30}. Thus, their blackberry size can be adjusted by 
either changing the polarity of solvent or tuning the pH. Hence, it is interesting to 
investigate both effects on the same sample to further confirm that the blackberry 
formation is indeed a charged regulated process. A yttrium-containing POM {P4Y8W43} 
is a weak acid salt that forms 53nm blackberries in water (Figure 2.14). Increasing the 
amount of acetone in the system causes the blackberry size to increase (consistent with 
the effect of solvent polarity).  Moreover, increasing the pH also showed the decrease of 
the blackberry size; however, the effect of pH is not as strong as the effect of changing 
the solvent polarity, as a result of the clusters carrying a larger number of inherent 
chargers on their surface.
64
  
 
2.5.4 Interacting Short Cationic Surfactants with POMs 
 
Since it has been established that changing the factors affecting the state of 
counterions in solution will have a great impact on the blackberry size, then we can 
clearly claim that attraction among macroions is primarily driven by counterion mediated 
attraction. Since counterion association by changing the pH or the polarity of the solvent 
results in decrease of the charge density on the POM surface, a new idea comes in mind 
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to try adding a cationic surfactant that would interact stoichiometrically with the charges 
and reduce the overall charge density. This can help in accurately controlling the charge 
density on the macroion surface. Due to the fact that {Mo72V30} clusters do not self-
assemble into blackberries in aqueous solutions as a result of their high charge density, 
{Mo72V30} clusters were chosen for studying the effect of addition of cationic surfactants 
into the macroionc solution.  It was shown that surfactant, such as 
cetyltrimethylammonium bromide (CTAB) and trimethyltetradecyl-ammonium chloride 
(CTAT), interact with the {Mo72V30} clusters stoichiometrically causing a decrease in the 
overall surface charge density distribution on the surface of {Mo72V30}; thus, enhancing 
the blackberry formation.  Increasing the amount of surfactant added to solutions results 
in an overall increase of the blackberry size. The non-polar chain of the surfactant may 
also have an effect on the self-assembly process; however, due to the fact that their 
structure only composes of a short alkyl chain, their effect will be minor. The clusters 
will precipitate out once the amount of surfactant added in the system neutralizes the 
charge of the {Mo72V30} clusters. The full process is summarized in figure 2.15.
65
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Figure 2.15 Top: a model representing the stoichiometric interaction between the small 
cationic surfactants and the {Mo72V30} cluster. Bottom: The dependence of the 
blackberry size on the surfactant concentration. The hydrodynamic radius increases with 
increasing the surfactant concentration. Reprinted with permission from Ref 65. 
Copyright 2010 American Chemical Society. 
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2.5.5 Effect of Adding Salts: Counterion Exchange.  
 
Since the state of counterions is the important driving factor that determines the 
self-assembly process of POMs into blackberries, studies of the addition of extra salts 
containing different counterions were done to investigate the effect of the counterion’s 
hydrated radius.
66
 It was shown that POMs can distinguish different counterions based on 
their hydrodynamic sizes. Counterions with smaller hydrated sizes will exchange with the 
counterions that have a larger hydrated size. Blackberry structures with Rh of about 
25.4nm were observed for solutions of {Mo72Fe30}.
66
 
The Rh remained steady upon the addition of small amount of extra simple ionic 
salts to solutions of {Mo72Fe30} until a critical salt concentration (CSC) was reached, 
where above the CSC the blackberry size starts to increase with increasing the amount of 
salt added. The CSC was determined to be 20 mM when LiCl and NaCl solutions were 
added into the solution. On the other hand, the addition of KCl and RbCl to the solution 
shows a CSC of 10mM which is lower than than of For LiCl and NaCl, suggesting that 
the K
+
 and the Rb
+
 ions may replace the protons (original counterions of {Mo72Fe30}); 
thus, increasing the attraction among POMs and resulting in larger blackberries (Figure 
2.16).
66
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Figure 2.16 The dependence of blackberry size on the salt concentration (Top) and ionic 
strength (Bottom) for sample of 0.5mg/ml {Mo72Fe30}. The salt concentration increases 
above CSC. Reprinted with permission from Ref 66. Copyright 2010 American Chemical 
Society. 
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Isothermal titration calorimetery (ITC) was used to study the thermodynamics of 
the counterion exchange process. Addition of sodium chloride did not show an obvious 
interaction between the Na
+
 and the POM clusters even at lower concentrations. 
Interestingly, the ITC curves for KCl and RbCl (figure 2.17) shows that K
+ 
and Rb
+
 can 
bind strongly with {Mo72Fe30}, suggesting that those two ions can replace the original H
+
 
counterions. Since the amount of Rb
+
 needed to saturate the interaction is much smaller 
than that of K
+
, the following trend for the counterion exchange upon the interaction with 
{Mo72Fe30}.  
(Li
+
, Na
+
) < H3O
+
 < K
+
 < Rb
+
 < Cs
+
.
66
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Figure 2.17 ITC studies showing the interaction of K
+
 (right) and Rb
+
 left with solutions 
of {Mo72Fe30}. Reprinted with permission from Ref 66. Copyright 2010 American 
Chemical Society. 
 
2.5.6 Effect of Small Hydrophobic Groups 
 
Most of the reported POMs in the literature are pure inorganic clusters composing 
of transition metals connected together through oxygen bridges. Recently, inorganic 
chemists started synthesizing POMs to contain small hydrophobic groups within the 
chemical structures. These hydrophobic groups increase the solubility of the hydrophilic 
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POMs in the less polar media; thus it can help in expanding the application of POMs into 
the organic systems rather than pure water.
67
 Kortz et. al. synthesized a POM cluster to 
have organic p-cymene groups in the core of the wheel shaped POM  [{K(H2O)}3{Ru(p-
cymene)(H2O)}4P8W49O186(H2O)2]
27–
 (figure 2.18).
68
  
 
Figure 2.18 The effect of increasing the content of the organic solvent on the blackberry 
size for a POM containing organic groups in its core. Reprinted with permission from 
Ref. 67. Copyright 2009 John Wiley and Sons. 
 
For such POM system, the size of the blackberry decreases with increasing the 
amount of organic solvent added. This opposite trend of the blackberry size vs. the 
solvent polarity is an indication that those organic groups are interacting with each other 
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through hydrophobic interactions. When the content of the organic solvent is large, those 
organic groups like the solvent, so they will interact with the solvent rather than 
interacting with each other. When water is added to the system, these organic groups do 
not like the solvent anymore; therefore, they would rather interact with each other rather 
than interacting with the solvent, creating stronger attractions and larger blackberries.
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2.6 Mechanism of Blackberry Formation  
 
A close investigation of the 0.5 mg/mL {Cu20P8W48} POM using light scattering 
shows that the scattering intensity increases slowly as time goes by. After several days 
one peak appears in the CONTIN analysis of the DLS data around 38nm suggesting 
blackberry formation. The 38nm peak does not shift to bigger sizes even though the 
scattering intensity is still increasing after several days or weeks. This suggests that once 
the blackberries are formed, more of them start to form rather than smaller blackberries 
growing to bigger blackberries. Figure 2.19 summarizes the mechanism of blackberry 
formation by {Cu20P8W48}.
69
 Furthermore, solutions of {Mo72Fe30} in water containing 
no or small amounts of electrolytes shows a slow blackberry formation process. 
Monitoring the static light scattering intensity reveals that for all the {Mo72Fe30} 
solutions there is a lag phase period that could be due to the oligomer formation process. 
Since the lag phase of the {Mo72Fe30} solutions is about 20 days, samples on day 18 were 
taken and sedimentation velocity measurements were done in order to identify the species 
present in solution. It turns out that there are two species in the solution with a 
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sedimentation coefficient of 6.6S and 9.5S (Figure 2.20). The theoretical sedimentation 
coefficient was calculated to be 6.6S for {Mo72Fe30} monomers, 11S for dimers and 
14.5S for trimers. Thus the value of 6.6S is considered to be monomers and 9.5 are the 
oligomers (dimers). Therefore, it can be concluded that when the sample is freshly 
dissolved, the single crystals will dissolve break in water into single ions. Those single 
giant ions will then associate with each other to form dimers during the lag phase period. 
This dimer formation step is considered to be the rate limiting step, since the scattering 
intensity grows very rapidly after the lag phase. The blackberries are formed and more 
blackberries of the same size keep forming as time goes by rather than smaller 
blackberries grow to bigger ones.
70
  
 
Figure 2.19 Mechanism of blackberry formation showing the formation of smaller 
blackberries that grow bigger is not the route of blackberry formation. Reprinted with 
permission from Ref 69. Copyright 2006 American Chemical Society 
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Figure 2.20 Top: The time resolved scattering intensity curve showing the lag phase 
period of the self-assembly. Bottom: Continuous size distribution analysis of {Mo72Fe30} 
vs. sedimentation coefficient. Reprinted with permission from Ref 70. Copyright 2009 
American Chemical Society  
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2.7 Self-Recognition 
 
Now that it is established that POM based macroions can self-assemble into 
blackberry-like structures in solution with the counterion mediated attraction as the 
driving force, it is interesting to investigate the self-recognition phenomenon among 
them. Self-recognintion normally involve more than one species in solution, thus mixing 
two different POMs in solution can provide insight on how sensitive these POMs are to 
their own type. POM macroions with same size and shape will be used to investigate the 
recognition phenomena. In this section the effect of charge density will be examined.  
 
2.7.1 Self-Recognition Among Macroions Having Different Charge Density
71
   
 
{Mo72Fe30} and {Mo72Cr30} are ideal models for investigating the self-recognition 
behavior, due to their spherical, symmetric structures with different charge density when 
dissolved in aqueous solution. In solution, the effective charge density of both 
{Mo72Fe30} and {Mo72Cr30} is determined by a simple pH measurement to be -7 and -5 
respectively. A CONTIN analysis of the DLS data shows the presence of a single size 
distribution for the solutions containing discete individual {Mo72Fe30} or {Mo72Cr30}. 
The average blackberry size is higher for {Mo72Cr30} in comparison to {Mo72Fe30} as a 
result of their different charge density. Interestingly, in a mixture solution of both 
{Mo72Fe30} and {Mo72Cr30} (total concentration is same with individual solution) shows 
the presence of two blackberry species in the CONTIN plot; the location of size 
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distributions match the distributions from the individual solutions. This indicates the two 
POM macroions can recognize each other and form two homogeneous blackberries in 
solution.  
Studying the kinetics of the blackberry formation of the two individual solutions 
and comparing it to the kinetics of the mixture provides a further confirmation of these 
recognition phenomena.  At the early stages of the blackberry formation, the scattering 
intensity of the mixed solution is in the middle of the scattering intensity of the individual 
solutions, as time goes by, the scattering intensity of the mixed solution starts to be lower 
than the individual solution, suggesting that it takes longer time for the self-assembly 
process to reach equilibrium for the mixed solution as a result of each POM cluster to 
find its own kind. In this specific example of {Mo72Fe30} and {Mo72Cr30} the self-
recognition process can be explained in terms of the difference in the charge density 
between the two macroions.  
Furthermore, since the water ligands connected to the non-Mo atoms have 
different liability properties for both {Mo72Fe30} and {Mo72Cr30}, then different effects of 
hydrogen bonding are expected for the two macroions. The water ligands are bound more 
strongly to {Mo72Cr30} compared to {Mo72Fe30}, meaning that {Mo72Fe30} have a looser 
hydrogen bonding network than {Mo72Cr30}, which may also be a factor of this 
recognition phenomena.  
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Figure 2.21 a) A model describing the self-recognition behaviour among {Mo72Fe30} and 
{Mo72Cr30}. b) CONTIN analysis of the DLS measurements of the solutions consisting of 
the individual {Mo72Fe30} and {Mo72Cr30} and their mixture (the mixture shows two 
peaks corresponding to blackberries of the individual {Mo72Fe30} and {Mo72Cr30}). c) 
Time resolved scattering intensity plots showing that the scattering intensity of the mixed 
solution starts to be in the middle of the two individual solutions and gets lower as time 
goes by.  Reprinted with permission from Ref. 71. Copyright 2011 The American 
Association for the Advancement of Science. 
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2.7.2 Self-Recognition Among Macroions Having the Same Charge Density
72
 
 
Since the difference in charge density was the driving force for the self-
recognition behavior among {Mo72Fe30} and {Mo72Cr30}, it is thus, exciting to study the 
self-recognition behavior among two different macroions having same shape and same 
charge density. Two rod-shaped macroions ((C4H9)4N)7[Mo6O18NC(OCH2)3XMo6O18(O 
CH2)3-CNMo6O18] (X =Mn
III 
or Fe
III
) that are soluble in acetonitrile were selected for the 
recognition studies.  As a result of the high charge density, these POMs remain as single 
ions in solution until ZnCl2 is added to the solution. Zn
2+
 ions interact with the rod-like 
macroions more than the TBA
+
 ions leading to a stronger interaction that can trigger the 
blackberry formation process.  The blackberry size for the Mn containing POM is much 
higher than that of Fe containing POM; this is due to the fact that that the encapsulated 
metal ions leading to an overall distortion of the Anderson-type POM framework, 
resulting in a very small difference in the effective charge density of the two POMs. 
Interestingly, the two rod-like macroions when dissolved in a mixed solution can 
recognize each other and form blackberries with size distributions that are comparable to 
those formed in solutions of individual macroions as shown in DLS. Furthermore, TEM 
and energy dispersive spectroscopy (EDS) are also used in this study to confirm the 
recognition behavior. EDS for the larger blackberries showed signal for Mn only, while 
only Fe signal was observed for the smaller blackberries. The blackberries were shown to 
disassemble upon addition of EDTA, since EDTA can easily coordinate with the zinc 
ions that are associated with the POMs; thus decreasing the overall interaction between 
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POMs macroions in the blackberries. This example clearly shows that the counterion 
mediated attraction is sensitive to very small difference between macroions and therefore, 
further proves its effect in the self-assembly and self-recognition phenomena between 
macroions.  
 
Figure 2.22 a) A model showing the self-assembly and recognition phenomena among 
the two molecular rods. b) TEM and EDS showing the two different blackberries based 
on their size and the signals for Mn and Fe in their corresponding blackberries. c) A 
cartoon describing the assembly and disassembly process using EDTA to coordinate with 
the zinc ions. Reprinted with permission from Ref 72. Copyright 2014 American 
Chemical Society. 
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2.7.3 Self-Recognition Among Chiral Macroions
73
 
 
Since the charge density seems to be the reason for this recognition process to 
happen, our group decided to take this problem further and choose two samples that are 
chemically identical. The two chiral macroions D-Fe28 and L-Fe28, their structures are 
shown in figure 2.23, have identical chemical formula and different optical properties. 
This suggests that these two macroions have the same shape, size and charge density.  
 
Figure 2.23 Ball and stick representation of the chemical structure of L- and D-Fe28. 
Reprinted from Ref 73. Copyright 2015 Nature Publishing Group. 
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As expected, both samples self-assemble in aqueous solution to form blackberries 
of the same size. Furthermore, the scattering intensity of the samples containing the 
individual POMs have the same kinetics relative to the increment of the scattering 
intensity. The final stage of the scattered intensity is identical for both individual 
solutions. Interestingly, the scattered intensity of the racemic mixture of the two samples 
is always lower than that of the individual solution indicating that the recognition process 
is being achieved in solution. Circular Dichroism spectroscopy was then used to 
investigate the plausibility of this recognition behavior. Addition of D-lactic acid to 
solutions containing the D-type blackberries causes them to breakdown due to 
interactions as a result of the chiral selection process. A centrifuge filter was used to 
separate the L-blackberries from D-POMs after the addition of D-lactic acid and both 
solutions shows opposite signals in the CD spectrum indicating that the self-recognition 
phenomena is indeed existing among these two chiral macroions. 
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Figure 2.24 a) A Cartoon showing the chiral selection process. b) A cartoon showing the 
centrifiguation process to separate blackberries from POMs. c) A CD spectrum of the 
racemic mixture and d) CD spectrum of the L- blackberries and the D-POMs. Reprinted 
from Ref 73. Copyright 2015 Nature Publishing Group. 
 
2.8 Conclusion 
 
Macroions are different from simple ions and large colloids. They tend to self-
assemble with each other to form a hollow spherical blackberry like structures in aqueous 
solution. Counterion mediated attraction has been proved to be the major driving force 
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for such assembly behavior. Macroions is a term that describes charged particles in the 1-
10nm size range. POMs have been the most widely used macroionic systems due to their 
rigid structure and controllable charge density. Macroions were shown to undergo self-
recognition phenomena by self-assembling into two different homogeneous blackberries 
when two different macroions are mixed. The self-recognition process seemed to be 
controlled by the difference of the charge density among the two macroions; however, 
when chiral samples were used to demonstrate this self-recognition phenomena, it proved 
that this process seem universal among all macroions.  
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CHAPTER III 
 
 
EXPERIMENTAL DETAILS 
 
The studies regarding the solution behavior of macroions require techniques that 
are capable of depicting the shape, size, charge density and kinetics (if applicable). 
Scattering techniques along with electron microscopy are great tools that can be used to 
understand complex solutions.  
 
3.1 Laser Light Scattering Techniques 
 
 
Scattering techniques are widely known to characterize solutions of particles 
having sizes ranging between (1nm-1µm).
74
 Historically, the Tyndall effect indicates the 
presence of larger particles in solution that scatters light.
75
 The basis of light scattering is 
shown in figure 3.1. An incident beam of a specific radiation wavelength (λ) hits the 
sample with an incident wave vector k0 (|𝑘0| =
2𝜋
λ
). As the wave hits the sample, a 
scattered wave vector k is generated and detected using a detector placed at 𝜃 scattering 
angle. A scattering vector q can then be calculated as by subtracting k0 from k to be, 𝑞 =
4𝜋
λ
sin
𝜃
2
.
76
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Figure 3.1 A schematic representation showing basic principle of the scattering 
techniques. 
 
The radiation sources include laser light, X-ray and neutron. Each radiation 
source is used to characterize species corresponding to their wavelength of radiation. 
Since most of the polymer and colloidal solutions have sizes in the hundreds of 
nanometer range laser light scattering (LLS) techniques will be the ideal instrument to 
measure the dimension of particles in solution. LLS can be done in two modes: Dynamic 
light scattering (DLS) and Static light scattering (SLS). 
 
3.1.1 Static Light Scattering (SLS)
77 
 
 
 
Before developing the expressions for the light scatter from larger polymer or 
macroionic systems, one needs to consider what happens when the size of the particle in 
solution is much smaller than the wavelength of incident radiation. As a result of the of 
the small particle size, the scattering from those particles will be angular independent. 
Equation 8, 
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𝑖
𝐼
=
4𝜋2 (
𝑛𝑑𝑛
𝑑𝑐 )
2
𝑐(1 + cos2 𝜃)
𝑁𝐴λ4𝑟2(
1
𝑀 + 2𝐴2𝑐)
 
                        (8) 
Where i is the intensity of solution, I is the intensity of the incident light, n is the 
refractive index, c is the concentration, M is the weight average molecular weight, A2 is 
the solvent interaction parameter, NA is Avogadro’s number and r is the particle size. By 
rearranging equation 8 to introduce the Raleigh ratio (Rθ) and the constant K, an easier 
visualization of how to calculate the molecular weight of particles can be achieved.  
𝑅𝜃 =
𝑖𝑟2
𝐼(1 + cos2 𝜃)
 
            (9) 
𝐾 =
4𝜋2𝑛2(
𝑑𝑛
𝑑𝑐)
2
𝑁𝐴λ4
 
           (10) 
Therefore, 
 
𝐾𝑐
𝑅𝜃
=
1
𝑀
+ 2𝐴2𝑐 
  (11) 
Plotting Kc/Rθ vs. c results in a straight line with slope related to the solvent interaction 
parameter and a y-intercept related to the molecular weight.  
When the particle size becomes bigger, interference of the scattered light will 
occur as a result of the multiple locations the incident radiation can hit the sample. The 
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interference causes the scattering intensity to be angular dependent, thus a new term 
should be added to equation 10 to describe the angular dependence, 
𝐾𝑐
𝑅𝜃
=
1
𝑃(𝜃)
[
1
𝑀
+ 2𝐴2𝑐] 
(11) 
where, 
1
𝑃(𝜃)
= (1 +
𝑞2𝑅𝑔
2
3
) 
                         (12) 
 
Figure 3.2 An example of the Zimm plot showing the extrapolation to c=0 and θ=0. 
Adopted from Reference 78.  
 
with Rg being the radius of gyration of the particles in solution. Plotting Kc/Rθ vs. 
sin
2(θ/2)+bc (b is a constant) at different concentration and different scattering angles 
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gives what is currently known as a Zimm plot. Extrapolations to concentration=0 gives 
information regarding the molecular weight and the solvent interaction parameter, while 
extrapolation to angle=0 gives information regarding the molecular weight and the radius 
of gyration of particles in solution. An example of a Zimm plot is shown in figure 3.2.
78
 
 
3.1.2 Dynamic Light Scattering
79
 
 
The idea of DLS is that, as particles undergo Brownian motion in solution, a 
Doppler effect will be pronounced to the detector. Solutions for light scattering studies 
need to be very dilute to minimize intermolecular interactions and particle-particle 
interactions. A multichannel digital correlator is used in order to detect the small changes 
in the frequency resulting from Brownian motion and generate a correlation function. The 
CONTIN algorithm is then used to analyze the correlation function to yield information 
regarding the characteristic linewidth (Γ), which is related to the particle’s diffusion 
coefficient (Γ=Dq2, where D is the diffusion coefficient). The Stokes-Einstein equation 
can then be used to convert the diffusion coefficient to hydrodynamic radius (Rh) of the 
particles,  
𝑅ℎ =
𝑘𝐵𝑇
6𝜋𝜂𝐷
 
                                                  (13) 
where kB is the Boltzmann constant, T is the temperature of the solution and η is the 
viscosity of the solvent.
80
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3.1.3 Predicting the Particle Shape from DLS and SLS Combination  
 
 
The values of the hydrodynamic radii (Rh) and radii of gyration (Rg) of particles in 
solution can help in understanding the particle shape. The shape factor, which is the ratio 
of Rg/Rh can tell whether the particle is spherical or not. When all of the mass of the 
particle is distributed on the surface, the Rh is equivalent to the Rg. When the Rg/Rh= 0.77, 
solid spheres are expected to exist in solution. When the Rg > Rh, cylindrical, rod-like or 
anisotropic structures are expected in solution. Figure 3.3 shows a summary of the 
different shapes and their corresponding shape factors.
81
 
 
 
Figure 3.3 The shape factor of the corresponding particle shapes in solutions. 
 
3.1.4 Sample Preparation for the Light Scattering Studies.  
 
The desired mass of powder or crystalline sample is dissolved in a specific 
volume of water to achieve the concentration needed. The samples are then passed 
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through a syringe filter with specific size to remove the dust into glass vials that are 
suitable for the Brookhaven Inc. light scattering instrument. The vials are cleaned and 
dust-freed prior using filtration of the samples. In DLS experiments an intensity-intensity 
time correlation function is measured, while in SLS experiments the angular dependence 
of the scattered intensity is measured.  
 
3.2 Zeta Potential Analyzer 
 
In solution, colloidal particles remain dispersed in solution as a result of the 
electrostatic repulsion between them. Due to the charged nature of the colloidal particles, 
counterions would like to associate with them. It is believed that there are two layers of 
counterions surrounding a given colloidal particle. The first layer (Stern layer) is when 
the counterions are very tightly bound to the colloidal particle and the second layer 
(diffuse layer) when the counterions are loosely bound (Figure 3.4).
82
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Figure 3.4 The double layer model of colloidal particles.  
 
As we move from the colloidal particle across the double layer (Figure 3.4), a drop in the 
overall voltage is noticed. This drop is known as the zeta potential and it depends on the 
properties of the colloidal particle. When an electric field is applied to the colloidal 
system, particles will start to move with a velocity dependent upon their zeta potential 
and the applied strength of the electric field.  Stoke’s law can be used to derive an 
expression for to relate the mobility with the charge of the particles (zeta potential) as 
follows 
𝑣 =
𝐹
6𝜋𝜂𝑅
 
                                                                  (14) 
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Where v is the velocity and F is the external force. In this case, F~E(external electric 
force). The mobility (µ) of particles undergoing electrophoretic mobility is given by 
equation 15,  
µ =
𝑣
𝐸
 
       (15) 
When the particle is charged with a charge = q in an electric field of E, the external 
force= qE. From equations 13 and 14, a relationship between the mobility and the charge 
of particles can be derived to be, 
µ =
𝑞
6𝜋𝜂𝑅
 
       (16) 
This equation is known as the Hückel equation and it is the simplest model to correlate 
between the electrophoretic mobility and charge of particles.
83
 
 
3.3 Transmission Electron Microscopy (TEM) 
 
 In this technique, a beam of electrons is transmitted through a sample. A CCD 
camera records how the electron beam interacts with the sample. TEM is normally used 
to visualize very small domains in very high resolution. Normally a drop of the sample is 
placed on a carbon coated copper grid. The sample is then air or vacuum dried prior to 
analysis.
84
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3.3.1 Energy Dispersive Spectroscopy (EDS) 
 
As an accessory to the transmission electron microscope, an EDS detector is 
added to provide information regarding the elemental analysis of the species present in 
solution. Atoms contain electrons in their ground state. When an incident beam of 
radiation is interacted with the sample, an electron is ejected creating a hole. An electron 
from a higher energy state will relax down to fill the hole. The difference in energy 
between the higher state and the ground state can be detected and it is a characteristic of a 
specific atom. 
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3.4 Small Angle X-Ray Scattering 
 
SAXS was performed at station 12-ID-B with X-ray energy of 12 keV at the 
Advanced Photon Source of the Argonne National Laboratory. The sample-to-detector 
distance was about 2 m. A 2D CCD detector was used to acquire images with typical 
exposure times around 1.0 s. A Moore Indirect Fourier Transform fitting was used to fit 
the data for the single clusters.
86
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CHAPTER IV 
 
 
SELF-RECOGNITION AMONG TWO SIMILAR MACROIONS DURING THEIR 
ASSEMBLY: THE EFFECTS OF PH AND TEMPERATURE 
 
4.1 Introduction 
 
POMs are a large group of nanometer-scaled, inorganic, metal oxide, molecular 
clusters, such as polyoxomolybdates, polyoxotungstates and their derivatives, with well-
defined molecular structure, uniform size, shape, and mass and sometimes adjustable 
charge density.
87
 These properties allow POMs to be applied in many fields such as 
catalysis
88
 and nanodevices.
89
 Due to the presence of metal-coordinated water ligands and 
inherent charges, some POMs are hydrophilic in nature and can be dissolved in water and 
other polar solvents.
90
 The nanometer-sized POMs are ideal models for understanding the 
behavior of macroionic solutions. 
The inorganic macroions demonstrate impressive self-recognition feature during 
the blackberry formation process.
71
 Spherical, weak electrolyte type POMs 
{Mo72Cr30}and {Mo72Fe30}are the first candidates for studying the self-recognition 
behavior among macroions since they have the same shape and form blackberries of 
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different sizes (average radii 60-70 nm and 20-30 nm for {Mo72Cr30} and {Mo72Fe30}, 
respectively). In aqueous solution, the water ligands attached to the non-Mo metal centers 
(Fe/Cr) in both 2.5nm Keplerate-type clusters can partially deprotonate (Figure 4.1)
91
, 
behaving like a weak acid, resulting in a total negative charge of ~ -5 for {Mo72Cr30} and 
~ -7 for {Mo72Fe30}, respectively, per cluster at the concentration of ~0.50 mg/mL. The 
charge density of both macroions can be tuned by changing the solution’s pH.60  
 
 
Figure 4.1 The structure of {Mo72Fe30} and {Mo72Cr30} representing the deprotonation 
process that yields to their charge regulated self-assembly behavior. Reprinted with 
permission from Ref. 91. Copyright 2015 John Wiley and Sons. 
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When additional base is titrated into the solution, these clusters will further 
deprotonate, generating more charges on the surface. On the other hand, when additional 
acid is added, the macroions will carry less charge.
33
 Their blackberry sizes increase with 
decreasing pH, i.e., decreasing macroinic charge density.
 
Interestingly, in the mixed 
solution of {Mo72Cr30} and {Mo72Fe30}, each macroion can recognize its same type, by 
forming two different homogeneous blackberries instead of mixed ones. This type of 
high-level supramolecular recognition, similar to some biological processes, is 
impressive since it happens in dilute solutions of relatively simple (but large) inorganic 
species. The difference in charge density was originally attributed to be a major reason 
for the self-recognition. Additionally, the different resident time of the water ligands on 
cluster surface might also contribute.
71
  
Further exploration is needed to clarify how far the self-recognition can go when 
the charge densities of two clusters become close. It is expected that the self-recognition 
behavior is more difficult when the solution has a higher pH, since these clusters will 
carry almost identical charges. Therefore, it is worthwhile investigating if the self-
recognition behavior can sustain while increasing and decreasing the pH.  Furthermore, 
raising the temperature can decrease the energy barrier needed for the blackberry 
formation and causes the overall self-assembly process to be faster which might also 
make the self-recognition more difficult. Exploring whether the self-recognition behavior 
retains under more critical conditions will further clarify the fundamental reasons for this 
interesting phenomenon.
91
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4.2 The Self-Assembly Behavior of {Mo72Fe30} and {Mo72Cr30} Keplerate-Type 
Macroions in Aqueous Solutions. 
 
The weak electrolyte nature of the two macroions {Mo72Cr30} and {Mo72Fe30} 
allows them to protonate under acidic conditions and deprotonate under basic conditions. 
In pure water, both macroions self-assemble into hollow, spherical blackberry structures 
with average hydrodynamic radii of 22 ± 1.1 nm (pH 3.7) and 59 ± 2 nm (pH 4.2) for 
{Mo72Fe30} and {Mo72Cr30}, respectively (Figure 4.2). When both clusters protonate 
upon adjusting the solution’s pH by hydrochloric acid, the effective charge on their 
surface decreases, minimizing the overall electrostatic repulsion between individual 
clusters and the blackberry size increases. When the clusters become chargeless at low 
pH, the blackberries will completely break down to single clusters due to the loss of 
counterion-mediated attraction. On the other hand, when the pH of the solutions are 
adjusted with sodium hydroxide, the clusters will deprotonate and the effective charge 
density increases, suggesting an increase in the electrostatic repulsion between the 
clusters and therefore, the blackberry size drops. The relationship between the blackberry 
size vs. pH for the two clusters has been solidly established earlier.
33
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Figure 4.2 CONTIN analysis of the DLS data showing the distribution of the 
hydrodynamic radius for a homogeneous aqueous solution of 0.10 mg/mL  {Mo72Cr30} 
(Rh~58nm) (a) and 0.10 mg/mL {Mo72Fe30} (Rh~ 22nm) (b). Reprinted with permission 
from Ref. 91. Copyright 2015 John Wiley and Sons. 
 
4.3 Exploring the Self-Recognition Behavior from the Time Resolved Scattered Intensity 
of SLS Measurements.  
 
Static light scattering (SLS) experiments for the individual solutions of 0.10 
mg/mL {Mo72Cr30} and 0.10 mg/mL {Mo72Fe30} and their mixtures (0.05 mg/mL 
{Mo72Cr30} and 0.05 mg/mL Mo72Fe30})  show that the scattered intensity of {Mo72Cr30} 
grows faster and higher than that of {Mo72Fe30}, because the blackberry assemblies 
formed in the {Mo72Cr30} solutions are larger than those in the {Mo72Fe30}, and larger 
particles have much stronger capability to scatter incident light. Interestingly, the 
scattered intensity for the mixture solution starts to be in between the scattered intensity 
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of both {Mo72Cr30} and {Mo72Fe30}. As time goes by, the scattered intensity of the 
mixture solution increases, showing the continuous formation of assemblies. However, 
the increment is not as fast as the increment of the scattered intensity of the two 
individual solutions at the same total cluster concentration, indicating a slower blackberry 
formation speed in the mixed solution (Figure 4.3). If the two types of macroions cannot 
recognize with each other, i.e., they can form both individual and mixed blackberries, the 
speed of blackberry formation in the mixed solution should be the same as the two 
individual solutions, or more accurately, the average speed of the formation of two 
individual blackberries. The slower self-assembly in the mixture solution suggests that 
the cluster has to find and associate with its same type.  Due to the presence of the two 
types of clusters and the lower concentration of each type (1:1 mixture), the self-
assembly becomes slower. This is strong initial evidence to show that monitoring and 
comparing the scattered intensity of the individual non-mixed solutions and the mixtures 
throughout the assembly process can help in predicting the self-recognition phenomena in 
solution.  More evidence on the self-recognition comes from the energy dispersive 
spectroscopy (EDS) analysis of the transmission electron microscopy (TEM) 
measurements.
72
 TEM studies on the individual solutions show the presence of the 
blackberry assemblies, whose sizes are consistent with the DLS results. EDS experiment 
reveals the presence of a signal for Iron (Fe) only in the solution containing the smaller 
blackberries ({Mo72Fe30}) and a signal for chromium (Cr) only in the solution containing 
the larger blackberries ({Mo72Cr30}). On the other hand, a large selected area under the 
TEM shows the presence of assemblies with two different sizes that are consistent with 
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the sizes of {Mo72Cr30} and {Mo72Fe30} blackberries. EDS analysis for the mixture 
solution reveals the presence of signals with the same peak area for both Fe
III
 and Cr
III
 
(Figure 4.4). Interestingly, when zooming into the larger blackberries, the signal for Cr 
becomes very dominant, while the smaller assemblies show significantly larger peak 
areas for Fe. These results also support the conclusion that {Mo72Cr30} and {Mo72Fe30} 
form individual blackberries in their mixed solutions. 
 
Figure 4.3 Time-resolved scattering intensity plots representing the increment of the 
scattered intensity throughout the self-assembly process at different temperatures a) room 
temperature, b) 40
o
C and c) 50
o
C. Initially, the scattered intensity from mixed solution is 
in between the scattered intensities from both {Mo72Fe30} and {Mo72Cr30}. As time goes 
by, the scattered intensity from the mixed solution becomes lower. Error values are 
included but canot be seen. Reprinted with permission from Ref. 91. Copyright 2015 
John Wiley and Sons. 
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Figure 4.4 Transmission electron microscopy and EDS result for a) Homogeneous 
solution of 0.10 mg/mL {Mo72Cr30}. b) Homogeneous solution of 0.10 mg/mL 
{Mo72Fe30}. c) A mixture solution of 0.05 mg/mL {Mo72Cr30} and 0.05 mg/mL 
{Mo72Fe30}. d) A blackberry consisting of {Mo72Cr30} in the mixture solution. e) 
Blackberries consisting of {Mo72Fe30} in the mixture solution. Reprinted with permission 
from Ref. 91. Copyright 2015 John Wiley and Sons. 
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4.4 Self-Recognition at Different Solution pH 
 
 
It is interesting to see if the self-recognition phenomena would still exist when 
both {Mo72Cr30} and {Mo72Fe30} clusters carry high and low charges. Raising the 
solution pH leads to further deprotonation of both clusters, resulting in highly charged 
macroions. It is expected that the both {Mo72Cr30} and {Mo72Fe30} will carry similar 
number of charges at a higher pH, causing self-recognition behavior more difficult. On 
the other hand, the self- recognition behavior is expected to be easier when the clusters 
carry fewer charges because in such a case the relative charge densities of two clusters 
will be significantly different. An early prediction on the self-recognition is confirmed 
when the scattered intensity increment of the mixture at the final stages changes slowly as 
compared to the individual non-mixed {Mo72Cr30} and {Mo72Fe30}. CONTIN analysis of 
the DLS data reveals that both clusters self-assemble in solutions whose pH ranges 
between 3.5 and 6.5 and the size of {Mo72Cr30} blackberries is always larger than 
{Mo72Fe30} blackberries (Figure 4.8). When the solution pH is lower than 3.5, the 
clusters are almost uncharged and do not self-assemble. At pH > 6.5 the clusters will 
decompose and precipitate from the solution. Furthermore, CONTIN analysis revealed 
that for all the mixed solutions of {Mo72Cr30} and {Mo72Fe30} at the pH range of 3.5-6.5, 
there exists two separated peaks, suggesting that two different types of assemblies are co-
existing in solution. The sizes of the assemblies decrease with increasing pH and the 
corresponding sizes of the assemblies are identical to the sizes of the assemblies present 
in the individual solutions for each pH (see Figures 4.5, 4.6 and 4.7).  These results 
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suggest that the self-recognition phenomena between macroions of the small Keplerate 
type POMs are universal and independent of the clusters’ charge density. 
 
Figure 4.5 CONTIN analysis of the DLS measurements of 0.1mg/mL {Mo72Cr30} at 
different pH. The size of the blackberries decrease upon increasing the pH. Reprinted 
with permission from Ref. 91. Copyright 2015 John Wiley and Sons. 
 
Figure 4.6 CONTIN analysis of the DLS measurements of 0.1mg/mL {Mo72Fe30} at 
different pH. The size of the blackberries decrease upon increasing the pH. Reprinted 
with permission from Ref. 91. Copyright 2015 John Wiley and Sons. 
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Figure 4.7 CONTIN analysis of the DLS data of the {Mo72Cr30} and {Mo72Fe30} mixture 
solution at different pH (a-g). The size dependence of the two species that are observed in 
the mixed solution on pH is shown in (h). Reprinted with permission from Ref. 91. 
Copyright 2015 John Wiley and Sons. 
 
 
4.5 The Effect of Temperature  
 
It was shown in our earlier studies that the blackberry formation process for the 
Keplerate POMs at ambient temperature is very slow and sometimes results in a lag 
phase period, corresponding to the difficult dimer/oligomer formation which has to 
overcome a high activation energy barrier. This slow process, based on our speculation, 
contributes to the impressive self-recognition behavior because the formation of 
homogenrous dimers might be slightly favored over the mixed ones while the slow 
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process helps to energetically optimize this process, leading to the formation of 
homogeneous dimers at the beginning. The process amplifies and fianlly leads to the 
formation of individual blackberries. Increasing temperature can lower this activation 
energy
92
, consequently causing the blackberry formation process to be faster, which may 
have a negative impact on the self-recognition behavior. The results indicate that at room 
temperature, both {Mo72Cr30} and {Mo72Fe30} start to self-assemble into blackberries, 
but do not achieve equilibrium for 60 days. At 40 or 50 C the blackberry formation will 
be complete within 30 days as confirmed by the SLS studies (Figure 4.3). For all the 
solutions at the different temperatures, the scattered intensity from the mixture solution, 
interestingly, always starts at a level in between the scattered intensities of two individual 
clusters and tends to grow slowly with time. These results suggest that at elevated 
temperatures when the activation energy barrier is low, the self-recognition phenomenon 
still exist although the kinetics of the blackberry formation is changed (Figure 4.3). In 
other words, the self-recognition of the macroions during their assembly is a free-energy 
controlled process; the formation of individual dimers/blackberries is more favored than 
the mixed dimers/blackberries. 
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Figure 4.8 A model showing the dependence of the of the blackberry size on the pH of 
the mixed solution. Reprinted with permission from Ref. 91. Copyright 2015 John Wiley 
and Sons. 
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4.6 Conclusions 
 
The {Mo72Cr30} and {Mo72Fe30} nanoclusters, having identical size and shape 
with different surface charge density in aqueous solution, are shown to self-assemble and 
self-recognize into two different homogeneous hollow spherical blackberry structures in 
their mixed aqueous solution. The universal recognition behavior was confirmed by 
studying the phenomena at both high and low pH, where the imparted charges of the two 
clusters are altered. Furthermore, this recognition behavior can still be observed at higher 
temperatures when the blackberry formation speed is fast, showing that the self-
recognition of macroions during their self-assembly based upon long-range electrostatic 
interaction can be achieved under fairly critical conditions. The fact that the self-
recognition phenomena exist universally may help in understanding recognition 
processes among biological molecules through electrostatic interactions. 
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CHAPTER V 
 
 
THE SELF-ASSEMBLY OF A MACROION WITH ANISOTROPIC SURFACE 
CHARGE DENSITY DISTRIBUTION 
 
5.1 Introduction 
 
We have previously shown that the nanometer-scale macroions, represented by 
POM anions
93
, metal–organic cationic cages94, and POSS cages95 can strongly attract 
each other and self-assemble into very stable hollow spherical blackberry-like structures 
in polar solvents and the self-assembly process is primarily driven by counterion 
mediated like-charge attractions and hydrogen bonding. The situation could be very 
different if the macroions have considerably higher charge density along one 
direction,
96
  which might regulate the counterion interaction to a preferred direction and 
lead to the formation of anisotropic (and therefore much richer) structures. Thus, in this 
chapter the first study on the solution behavior of a POM anion with anisotropic charge 
distribution will be discussed in detail. 
Almost of our previous studies on macroanions are based on POM molecules with 
isotropic surface charge distribution. Consequently, the counter-ion mediated interaction 
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during their self-assembly is not directional, leading to the formation of isotropic 
assemblies (spherical blackberries). The situation could be very different if the macroions 
have considerably higher charge density along one direction, which might regulate the 
counterion interaction to a preferred direction and lead to the formation of anisotropic  
structures. The molecular cluster of K56Li74H22 [Mn
III
40P32W
VI
224O888]
152- 
.ca.680H2O 
({Mn40P32W224}) is an ideal system for such a study.  
The synthesis of {Mn40P32W224}is reported in literature and it is the largest 
polytungstate cluster known so far, consisting of four Dawson trimers connected to a 
P8W48 wheel through Mn-O bonds in a fashion to create an S4 symmetrical structure.
97
 
Figure 5.1 shows the anisotropic surface charge density of {Mn40P32W224}. The positions 
of high charge density (blue) come from structural geometry reasons, where four Dawson 
clusters in close proximity to each other making the surface charge density distribution 
higher. 
 
5.2 Results and discussion 
 
The clusters exist as discrete macroanions in aqueous solution and do not 
assemble due to their relatively high charge density, as confirmed by the stable and very 
weak scattered intensity from static light scattering measurements. After three weeks 
from preparation the clusters will decompose in such solutions, as confirmed by UV-Vis 
spectroscopy (Figure 5.2). When dissolved in methanol/water mixed solvents whose 
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dielectric constants are lower, the clusters are stable (Figure 5.3) and self-assembly of the 
macroanions slowly occur, as monitored using DLS and SLS. 
 
Figure 5.1 Crystalline structure of {Mn40P32W224} showing anisotropic surface charge 
density distribution. Some areas have high charge density (blue) and some others have 
lower charge density (yellow). Reproduced from Ref. 96 with permission from The Royal 
Society of Chemistry. 
 
LLS studies for samples of {Mn40P32W224} dissolved in solvents composing of 
50, 60, 70, 80, and 100 vol% of methanol in methanol/water mixed solvents confirmed 
that hollow spherical morphologies are formed, as the radius of gyration (Rg) of the 
assemblies measured by SLS was the same to the hydrodynamic radius (Rh) measured by 
DLS. TEM images for the assemblies formed in 50% methanol/water along with the DLS 
results are shown in figure 5.4. Such assemblies are typical blackberry type structures 
formed by hydrophilic macroions, as we have extensively reported before.
98
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Figure 5.2 UV spectra of 0.2mg/mL sample of {Mn40P32W224} showing decomposition of 
the cluster in aqueous solutions. Reproduced from Ref. 96 with permission from The 
Royal Society of Chemistry. 
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Figure 5.3 The stability of 0.2mg/mL {Mn40P32W224} in 50% methanol/water mixed 
solvent. Reproduced from Ref. 96 with permission from The Royal Society of Chemistry. 
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Figure 5.4. a) Time resolved scattered intensity plot showing the sigmodal curve of the 
scattering intensity increment in 50% methanol/water mixture solution. b) CONTIN 
analysis of the light scattering data showing the presence of one species with a radius of 
46 ± 2 nm in solution of 50% methanol/water mixture. c) TEM images to support the 
spherical morphology of 0.2mg/mL solutions of {Mn40P32W224} in 50% methanol/water 
mixed solvent. Error values of the intensity are included but very small to be shown in 
the figure. Reproduced from Ref. 96 with permission from The Royal Society of 
Chemistry. 
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Interestingly the Rh values of the assemblies that was obtained from DLS for 
solutions containing 40, 50, 60, 70 and 80 vol% of acetone in acetone/water mixed 
solvents were lower than the corresponding measured Rg of the assemblies from the same 
solutions. This suggests that the clusters were not self-assembling into spherical 
blackberry structures, but in fact into rod like structures. Transmission electron 
microscopy (TEM) results indicated that for the clusters in 40, 50, 60, 70 and 80 vol% 
acetone/water mixed solvents indeed rod like structures have formed, as shown in figure 
5.5. 
 
Figure 5.5 TEM images showing the rod-like structures in 40%acetone/water mixture 
(left), 50% acetone/water mixture (center) and 60% acetone water mixture(right). 
Reproduced from Ref. 96 with permission from The Royal Society of Chemistry. 
 
These nano-rods are quite uniform from the TEM image. Diffraction studies revealed that 
there is no diffraction pattern observed when the electron beam was shinned on the 
copper grid as shown in figure 5.6, clearly indicating that these nano-rods are assemblies 
instead of nanocrystals of the clusters. 
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Figure 5.6 a) TEM image showing nano rods in 50% acetone/water mixtures b) Electron 
diffraction of the rods indicating that they are not nano-crystals. Reproduced from Ref. 
96 with permission from The Royal Society of Chemistry. 
 
 
Since the solvent was the only experimental parameter that has been changed, it 
seems like the solvent has as strong effect on the self-assembly behavior of 
{Mn40P32W224} in solution. We speculate that the nano-rods formation of {Mn40P32W224} 
when dissolved in a mixture consisting of acetone and water is due to the surface charge 
density of {Mn40P32W224}. Since the charge density on the surface of the POM is 
distributed anisotropically, it will cause the macroions to use the highly charged areas to 
interact with other macroions, and consequently the association of macroions becomes 
faster from the domains with higher surface charge density. This results in a directional 
growth mechanism leading to the formation of the rod-like structures. However, in 
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methanol/water mixed solvents, the self-assembly of {Mn40P32W224} into blackberry 
structures have to be controlled by a different mechanism than the rod like structures, 
since the polarity of the water/acetone and the water/methanol mixtures are quite similar. 
We speculate that the charge inhomogeneity is much weaker while the hydrogen bonding 
is stronger in water/methanol systems due to the different protic behavior between 
methanol and acetone. In water/acetone mixed solvents, the hydrogen bonding formation 
between the surface water ligands on {Mn40P32W224} and the solvent molecules is weak. 
The dominant counter-ion mediated attraction, which obviously favors interaction 
between high charge domains of different macroions, controls the assembly and leads to 
the nano-rod formation. The hydrogen bonding becomes much stronger when the acetone 
component in solvent is replaced by methanol. In the presence of stronger, isotropic 
hydrogen bonding, the interaction between high charge domains and low charge domains 
becomes less significant, i.e., the macroions now behave similarly to regular POM 
macroions with homogeneous charge distribution. As the result, regular spherical 
blackberry structures are formed.  
 
5.3 Conclusions 
 
{Mn40P32W224} provides a valuable model for studying the self-assembly of 
hydrophilic macroions with anisotropic surface charge distribution and demonstrate the 
cooperation and competition between hydrogen bonding and counterion interactions. In 
solvents where the charge density inhomogeneity is significant, the counter-ion mediated 
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attraction among the macroions is directional, resulting in rod-like assemblies. On the 
other hand, in solvents which promote non-directional hydrogen bonding between the 
macroions, the macroions self-assemble into spherical blackberry-type structures which 
have been observed in other macroionic systems with homogeneous surface charge.  The 
morphology transition of the assemblies can be achieved. The future work will focus on 
rationally controlling the morphology of functional materials. 
 
 
Figure 5.7 A model for the self-assembly behavior of {Mn40P32W224}. The red color 
emphasizes the contribution of hydrogen bonding. Reproduced from Ref. 96 with 
permission from The Royal Society of Chemistry. 
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CHAPTER VI 
 
 
EXPLORING THE EFFECT OF SURFACE FUNCTIONALITY ON THE SELF-
ASSEMBLY BEHAVIOR OF MACROIONS 
 
6.1 Introduction 
 
Noble metals are well known to be active ingredients of many catalytic materials, 
thus assembling POMs based exclusively on noble metals, e.g. polyoxopalladates, may 
result in great advantages in catalysis.
99
 In 2008, it was shown that POMs based 
exclusively on noble metals can exist with the discovery of the first polyoxopalladate(II), 
[Pd
II
13As 
V
8O34(OH)6]
8−
.
100
 Since then a large number of polypalladates(II) has been 
prepared, with a variety of capping groups and central guests.
27
 Such compounds have 
great potential in catalysis and hence studying the solution behavior of discrete 
palladium(II)-oxo clusters may also shed light on the homogeneous catalytic 
mechanism.Studying the solution behaviour of such palladium(II)-oxo clusters will shed 
light on understanding the catalytic mechanism in solution systems.
101
 Due to their 
nanometer size (1 ~ 6 nm) and anionic nature, POMs were used as perfect models to 
understand the macroionic behaviour in dilute solutions, which is found to be very 
different from the behaviours of small simple ions and/or large colloids. POM-based
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 macroions, although highly soluble, were shown to strongly attract with each other and 
assemble into stable, single-layered hollow spherical blackberry structures in aqueous 
solution when carrying moderate amount of charges, with the counterion mediated 
attraction as the major driving force, in some cases with additional contribution from 
hydrogen bonding.
102
 Unlike colloids, the van der Waals forces are not responsible for 
their attraction. The blackberry formation is reversible and their sizes can be accurately 
controlled, which increases monotonically with decreasing the overall charge density on 
the macroionic surface by adjusting either the solvent polarity, pH or adding extra 
electrolytes.
55
   
In this chapter, the solution behaviour of two similar polyoxopalladate clusters 
that were synthesized recently (Figure 6.1), [Pd
II
13As
V
8O34(OH)6]
8-
 ({Pd13}) and 
[Pd
II
13(As
V
Ph)8O32]
6-
 ({Ph-Pd13}) will be discussed.
103
 Both clusters possess similar 
chemical structures and sizes; however, cluster {Ph-Pd13}has a lower charge density 
compared to cluster {Pd13}; more importantly, the presence of hydrophobic phenyl 
groups at the surface that can impart interaction with non-polar species. Thus 
investigating the influence imposed by the phenyl groups via comparing the solution 
behaviours of {Ph-Pd13} and {Pd13} can be of great interest.   
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Figure 6.1 Representation of {Pd13} (1) and {Ph-Pd13} (2). Pd (blue), As (yellow), O 
(red), C (black) and H (grey). Reprinted with permission from Ref. 103. Copyright 2015 
John Wiley and Sons. 
 
 
6.2 Results and Discussion 
 
Due to their moderate charge density, both clusters can be easily soluble in 
aqueous solution without heating. Conductivity measurement of 1.0 mg/mL solution 
of {Pd13} in aqueous solution indicates the release of all of the 8 counterions in 
solution by a simple comparison to the theoretical value of the release of 8 Na
+
 
counterions (150 ± 7 μS/cm experimentally vs. 142 μS/cm theoretically). Small angle 
X-ray scattering (SAXS) technique was used to further probe the stability of {Pd13} 
in aqueous solution. The green curve in Figure 6.3 indicates the presence of species 
with a radius of gyration (Rg) of  5.0 ± 0.3 Å in solution that remains stable even 
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upon heating the sample to 60 C overnight (black curve in Figure 6.3). Similarly, 
1.0 mg/mL of {Ph-Pd13} also releases all of its 6 Na
+
 (86.3 μS/cm calculated 
conductivity vs. 81.6 μS/cm theoretical value for the release of all Na+ ions). SAXS 
further confirms the stability of {Ph-Pd13} by showing the presence of species with a 
Rg of 7.5 ± 0.3 Å when the sample is freshly prepared (see Figure 6.2).  
 
Figure 6.2 SAXS curve for {Ph-Pd13} showing its stability immediately after dissolving. 
Reprinted with permission from Ref. 103. Copyright 2015 John Wiley and Sons. 
 
Interestingly, the time resolved scattered intensity plot for {Pd13} (Figure 
6.4b) shows features of a sigmoidal curve, indicating a slow self-assembly process in 
this aqueous solution, which is similar to what was reported earlier for the blackberry 
formation.
104
 Such sigmoidal curves are also observed for the assembly formation of 
viral capsids and nanoparticle formation.
105
 DLS and SLS results indicate the 
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presence of assemblies with Rh and Rg of both 12.5 ± 0.6 nm, suggesting that the 
assemblies are hollow spherical blackberries since Rh = Rg. 
 
Figure 6.3 Small Angle X-ray scattering curves for 5.0 mg/mL aqueous solution of 
{Pd13} at room temperature (green) and 60 C (black). The blue curve corresponds to a 
0.2 mg/mL solution of {Pd13} in water after 30 days from preparation containing 
blackberry structures, which is fitted with a typical spherical shell model (red). Reprinted 
with permission from Ref. 103. Copyright 2015 John Wiley and Sons. 
 
The spherical morphology of the assemblies was further confirmed using 
TEM studies (Figure 6.4d). Further SAXS study of the aged aqueous solution of 
{Pd13} (blue curve of Figure 6.3) shows a typical oscillation curve of spherical 
objects, which fitted well with the spherical shell model with Rg as 12.5 nm and shell 
thickness as 1.1 nm (red curve of Figure 6.3). The presence of small amounts of extra 
 95 
 
alkali metal salts in solutions of {Pd13} (the final concentration of {Pd13} is the same 
as the salt free solution) also shows a sigmoidal feature for the self-assembly process 
in the time resolved scattered intensity plot; however, the final scattered intensity 
tends to decrease with increasing the amount of extra salt present in the system. The 
blackberry size measured from solutions containing extra salts was the same as that 
of the salt free system, suggesting that the presence of extra salts stabilizes the 
monomer state (Figure 6.5) leading to the formation of less blackberries in solution, 
since the scattered intensity is only dependent on the size and concentration of the 
assemblies formed. Furthermore, the scattered intensity increment of the 0.2 mg/mL 
aqueous solution of {Pd13} has strong temperature dependence (Figure 6.4a). The 
scattered intensity increased very slowly at room temperature, while a significantly 
faster increase of the scattered intensity was observed at 60 C. This suggests that the 
macroions of {Pd13} need enough thermal energy to overcome a high activation 
energy barrier. 
The activation energy was calculated by using Arrhenius Eq.; by taking the slope 
of the scattered intensity increment at different temperatures and then plotting the slope 
as a function of (1/RT)
92
, as shown in Figure 6.4c. Amazingly, 0.2 mg/mL solutions of 
{Ph-Pd13} did not seem to show the same temperature dependence that is observed for 
{Pd13}. The scattered intensity increases very quickly and reaches an equilibrium state 
within several hours of preparation at room temperature, suggesting that the interaction 
between the macroions of {Ph-Pd13} is much stronger than that of macroions of {Pd13} 
as a result of the hydrophobic interactions.  DLS and SLS results further confirm the 
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existence of hollow spherical blackberry-like structures with a radius of 53 nm. The 
larger size of blackberries in solutions of {Ph-Pd13} is a result of the lower charge 
density distribution that minimizes the electrostatic repulsion as well as hydrophobic 
interacts between the phenyl groups. Due to the large size of the blackberries formed in 
solutions of {Ph-Pd13}, SAXS will not be able to provide information for the assemblies.  
 
Figure 6.4 a) Time resolved scattered intensity plots for 0.2 mg/mL solutions of {Pd13} in 
water at different temperatures. b) Time resolved scattered intensity plot of 0.2 mg/mL 
solution of {Pd13} in water at 60 C showing a sigmoidal curve.  c) Calculation of the 
activation energy for the blackberry formation. The linear plot implies that the process 
follows the Arrhenius equation. d) CONTIN analysis of the DLS data showing the size 
distribution of the blackberries formed in aqueous solutions of the 0.2 mg/mL of {Pd13} 
at 60
 C along with support from TEM images.  Error bars are included in the intensity 
plots, but they are very small to be seen. Reprinted with permission from Ref. 103. 
Copyright 2015 John Wiley and Sons. 
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The charge controlled process can be confirmed by the addition of a less polar 
solvent to the system. The blackberry size increases when increasing the volume 
percentage of DMSO, suggesting that DMSO induces the counterion association; thus, 
decreasing the overall surface charge density, leading to counterion mediated attraction 
between POM macroions in solution. The blackberry size of solutions of {Ph-Pd13} 
decreases as the volume of DMSO increase in the system (Figure 6.6). This opposite 
trend is unexpected due to the fact that both samples are easily soluble in water. An 
opposite trend to a charge regulated process is generally an indication to the presence of 
specific interaction that can be affected more strongly when changing the solvent 
polarity.  
 
Figure 6.5 a) Time resolved scattered intensity plots for 0.2 mg/mL samples of 1 in 
different aqueous RbCl solutions showing the dependence on RbCl concentration (error 
bars included). b) CONTIN analysis of the DLS data of the 0.2 mg/mL samples of 1 in 
different aqueous solutions of RbCl. Reprinted with permission from Ref. 103. Copyright 
2015 John Wiley and Sons. 
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Since macroions of {Ph-Pd13} contain phenyl groups do not like water, they try to 
interact with each other by maximizing hydrophobic interactions in aqueous solutions. At 
higher DMSO content, the phenyl groups will more likely interact with the solvent more 
than interacting with each other resulting in an overall weaker attraction among POM 
macrions and the blackberry size is smaller.  Moreover, these two small clusters show the 
level of intelligence that was previously observed for larger macroion where the size 
disparity between the macroion and counterions are more pronounced.
71
 When mixed, 
{Ph-Pd13} and {Pd13} self-assemble into two different homogeneous blackberries rather 
than forming one heterogeneous blackberry in solution. Since macroions of {Ph-Pd13} 
contain phenyl groups that do not like water, they try to interact with each other by 
maximizing hydrophobic interactions in aqueous solutions. At higher DMSO content, the 
phenyl groups will more likely interact with the solvent more than interacting with each 
other resulting in an overall weaker attraction among POM macrions and the blackberry 
size is smaller.  Moreover, these two small clusters show the level of intelligence that was 
previously observed for larger macroion where the size disparity between the macroion 
and counterions are more pronounced. When mixed, clusters of {Ph-Pd13} and {Pd13} 
self-assemble into two different homogeneous blackberries rather than forming one 
heterogeneous blackberry in solution. 
The self-recognition phenomenon is attributed to the different charge density and 
their different surface functionality. DLS results of the individual non-mixed aqueous 
solutions at 60
o
C indicate the presence of a single size distribution corresponding to the 
size of the blackberries formed in solution. On the other hand, two different distributions 
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were observed in mixture solution solutions of {Ph-Pd13} and {Pd13} where the size 
distribution matches the sizes of the corresponding individual solution (Figure 6.7).  
 
Figure 6.6 a) The dependence of blackberry size on the volume percentage of DMSO for 
0.2mg/mL samples of 1 ({Pd13}) and 2 ({Ph-Pd13}) in DMSO/Water mixed solvents. b) A 
model depicting the blackberry formation process in solutions of {Pd13}and {Ph-Pd13} in 
water and DMSO/water mixed solvents. Error bars included in the size measurements. 
Reprinted with permission from Ref. 103. Copyright 2015 John Wiley and Sons. 
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Figure 6.7 CONTIN analysis of the DLS data showing two size distributions exist in a 
mixture solution of 1 and 2 ({Pd13}and {Ph-Pd13} respectively) (black) in water. Each 
distribution is equivalent to the corresponding individual aqueous solution of {Pd13}and 
{Ph-Pd13} (blue and red). Reprinted with permission from Ref. 103. Copyright 2015 
John Wiley and Sons. 
 
6.3 Conclusion  
  
 The discrete small polyoxopalladate nanocubes of {Ph-Pd13} and {Pd13} 
behave similarly to other larger macroions in aqueous solutions by self-assembling 
into hollow spherical blackberry structures. Counterion mediated attraction is the 
major driving force for the observed assembly behaviour. The presence of phenyl 
ligands in {Ph-Pd13} causes the trend of Rh vs. solvent polarity to be reversed, due 
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to the presence of hydrophobic interactions. Moreover, the clusters {Ph-Pd13} and 
{Pd13} can self-recognize each other in solution, leading to the formation of two 
different homogenous blackberries that coexist. The work described here helps 
understanding the solution behaviour of macroions when extra weak interaction is 
involved.  
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CHAPTER VII 
 
 
THE EFFECT OF SPECIFIC HYDROGEN BONDING ON THE SELF-
ASSEMBLY OF MACROIONS 
 
7.1 Introduction 
  
Non-covalent interactions, for exampls, solvophobic interactions
106
, 
hydrogen bonding
107
, coordination
108
, electrostatic interactions
109
 and host guest 
recognition
110
 are important not only for creating new functional materials, but 
also due to their involvement in many biochemical and biophysical processes.
111
 
Due to the dynamic and reversible nature of the bonds, non-covalent interactions 
are considered the fundamental forces in supramolecular chemistry.
112
 Several 
molecules can self-assemble in solution into larger supramolecular structures of 
non-covalent interactions, for example, hydrophobic-hydrophilic drive the 
assembly of amphiphilic surfactants and block copolymers into micelles, cylinders 
or vesicles
113
 and van der Waals forces drive the aggregation and coagulation of 
large colloidal particles.
114
 Moreover, non-covalent interactions have many 
applications including drug delivery
115
, biomimicry
116
, and catalysis
114
.  
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We have demonstrated how more than one type of non-covalent interactions 
can guide the self-assembly of macroions (Chapters V and VI). A macroion with 
anisotropic surface charge density distribution self-assembles into rod-like 
morphologies as a result of the directional counterion mediated attraction is 
solutions of water and acetone, while regular spherical blackberry-like structures 
are observed in solutions of water an methanol as a result of the non-directional 
hydrogen bonding.
96
 Furthermore, the presence of organic groups in the core of a 
wheel-shape macroion generates hydrophobic interactions that reverse the trend of 
the blackberry size vs. solvent polarity.
67
 Thus, In this chapter, the effect of 
specific hydrogen bonding on the self-assembly behaviour of macroions will be 
examined using two samples (Figure 7.1), a horse-shoe like POM cluster K9LiNa-
[Fe16O2(OH)23(H2O)9(P8W49O189)Gd4(H2O)20]
117
 (1) and the recently synthesized 
inorganic-organic hybrid dimer Na22[(2,3-pyzdc)2{NaNi2(H2O)4Sb2W20O70}2]
118
 
(2). 
 
Figure 7.1 The chemical structure of 1 and 2 along with the parts responsible for specific 
hydrogen bonding interactions. 
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7.2 Cluster Stability in Aqueous Solution. 
 
 
Small angle X-ray scattering (SAXS) was used to probe the stability of 1 in 
aqueous solution.  The SAXS intensity curve (Figure 7.2) for a 5.0 mg/mL sample of 1 
indicates the presence of a species having Rg of 10.4 ± 0.5 Å, which is comparable with 
the size of the particle (longest distance of 2.2nm) indicating the stability of the structure 
in solution. On the other hand, earlier results indicated that 2 fully dissociates into two 
[{Ni(H2O)3}2(WO2)2- (SbW9O33)2]
10−
 fragments in pure water, while remains stable in 
the presence of organic solvent.
118
 Taking this into consideration, all studies in aqueous 
solution will focus on 1. 
 
Figure 7.2 SAXS scattering curve confirms the stability of 1 in 5.0 mg/mL aqueous 
solution. 
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The conductivity of 1.0 mg/mL aqueous solution of 1 was measured by a 
conductivity meter to be 56.0 ± 2.8 µS/cm, which was compared with a theoretical value 
that obtained by considering the contributions of all the charged groups present in 
solution to the conductivity. Assuming that all of the 11 counterions are released, the 
contribution from K
+
,  Na
+
, Li
+
, OH
-
 and H
+
  were calculated to be 4.10 × 10
-3
,  3.18 × 
10
-4
, 2.4 × 10
-4
, 6.3 × 10
-4
, 1.1× 10
-8
 S/m, respectively. The contribution from the large 
clusters was calculated using the published method to be ~8.1× 10
-4
 S/m.  Adding all the 
values give a theoretical solution conductivity of 61 µS/cm, which is close to the 
measured value suggesting that the macroions of 1 are fully charged in solution. The slow 
self-assembly of 1 was measured by time-resolved SLS measurements. The time resolved 
scattered intensity curve (Figure 7.3, right) for 0.2 mg/mL solution of 1 in water shows 
sigmoidal features that are similar to a self-assembly process that is observed earlier for a 
blackberry formation process.
70
 DLS was used to determine the average hydrodynamic 
radius (Rh) of the particles in solution after the scattered intensity is stabilized to be 95±2 
nm (Figure 7.3, left). The Rg of those particles was equal to the Rh, confirming that the 
structures in solution are hollow spheres. 
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Figure 7.3 CONTIN analysis of the DLS data of 0.2 mg/mL solution of 1 in aqueous 
solution (top) and Time resolved scattered intensity indicating the growth of the 
assemblies of 0.2 mg/mL of 1 in aqueous solution (bottom). Error bars of the intensity are 
included.  
 
7.3 The Effect of Changing the Solvent Polarity and Temperature 
 
 
An abnormal phenomenon was observed in the solution of 1. For a regular 
blackberry formation process, the addition of non-polar solvent enhances the counterion 
association around the POMs; thus decreasing the overall surface charge density, 
minimizing the overall repulsion between clusters and enhancing the attraction between 
them. Therefore, the blackberry size normally increases when there is more acetone in the 
system for a charged regulated self-assembly process. LLS measurements and TEM 
images (Figure 7.4) show that the size of the spherical blackberries decreases with the 
presence of more acetone; which is the reversed trend to the blackberry formation. An 
opposite trend is normally an indication of specific interactions that are more dominant 
than counterion mediated attractions.
103
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Figure 7.4 a) The dependence of the Rh vs. the %vol. of acetone for 0.2mg/ml solutions of 
1 in acetone/water mixed solvents (error bars are included). b) TEM images for 0.2 
mg/mL solution in 50% acetone (top left), 60% acetone (top right), 70% acetone (bottom 
left) and 80% acetone (bottom right). 
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Figure 7.5 a) The dependence of the hydrodynamic radius on the volume percent of 
acetone in the system (error bars are included). b) TEM images for 50% acetone solution 
of 0.2mg/mL of 2 (left) and 70% solution of 0.2 mg/mL solution of 2 (right). 
 
A closer investigation of the molecular structure of 1 reveals the presence of 
several -OH groups and water molecules in the core of the horse-shoe structure. Those 
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groups are available sites for hydrogen bonding along certain preferred directions, 
suggesting that hydrogen bonding could be this specific interaction. To confirm the 
presence of strong hydrogen bonds in the system, Hexafluoroiospropanol (HFIP) was 
used as the organic solvent instead of acetone. HFIP is a fluorinated alcohol that is known 
to be a strong hydrogen bonding donor
119
; thus, its presence should cause less POM-POM 
hydrogen bonds and more hydrogen bonds between POMs and the solvent. This should 
reduce the overall strength of the hydrogen bonding interactions between the POMs, 
while making counterion mediated attractions more dominant. To test the hypothesis two 
0.2 mg/mL samples of 1 were prepared, one in 20%vol. HFIP/water and another in 
50%vol. HFIP/water. Interestingly, CONTIN analysis of the DLS data reveals that the 
average Rh increases with increasing the amount of HFIP in solution (Figure 7.6). 
 
Figure 7.6 CONTIN analysis of the DLS data showing the increase of the Rh for 1(a) and 
2(b) upon the addition of HFIP. 
The role of directional hydrogen bonding is further shown in the solutions of 
sample 2. Static light scattering of the 0.2 mg/mL of sample 2 in pure water did not show 
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any increase of the scattered intensity, suggesting that the blackberry formation process 
does not occur in aqueous solution when the dissociation of the dimer into the two small 
monomers happens. Since the presence of acetone stabilizes the dimer structure of 2
118
, 
its solution behavior was investigated to show the existence of hollow spherical 
blackberry-like structures in solutions when the volume percent of acetone greater than or 
equals to 50%. LLS and TEM results also show that the radius of the particles in solution 
decreases with increasing the amount of acetone in the system (supporting information), 
suggesting the presence of other specific interactions that guide the self-assembly process 
of 2 in solution. 
The presence of two 2,3-pyrazinedicarboxylate ligands in the dimeric structure of 
2 seem to also provide sites for hydrogen bonding. Results similar to those observed for 
the solution behavior of 1 were also observed for solutions of 2 in solutions of 50 and 
80%vol HFIP/water mixtures, suggesting that when HFIP is added, the charge regulated 
process for the self-assembly becomes dominant and the trend for blackberry formation 
process is reversed to the normal direction; thus, proving the specific hydrogen bonding.  
 
7.4 The Effect of Temperature 
 
Since the strength of hydrogen bonds is strongly temperature dependent, the effect 
of increasing the temperature on the self-assembly process of 1 in water was monitored 
by LLS.  The static light scattering intensity was shown to decrease (Figure 7.7) upon 
heating the 0.2 mg/mL aqueous solution of 1, suggesting the assemblies in solution are 
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either decreasing in size or quantity. CONTIN analysis of the DLS measurements reveals 
that the overall Rh of the assemblies is decreasing in solution upon heating (Figure 7.7), 
indicating that the attraction among POMs is getting weaker as the temperature is 
increasing. This confirms the effect of hydrogen bonds, since the size of the blackberry 
does not normally change when the temperature increases. Similar results were observed 
for 0.2mg/mL solutions of 2 in 70%Acetone.  
 
Figure 7.7 a) The temperature dependence of the scattered intensity for 0.2 mg/mL 
aqueous solution of 1. b) The temperature dependence of Rh for 0.2 mg/mL aqueous 
solution of 1. c) the dependence of the scattering intensity on tempearature for 0.2mg/mL 
solution of 2 in 70% acetone/water mixture. d) The dependence of the hydrodynamic 
radius on temperature for 0.2mg/mL solution of 2 in 70% Acetone. 
 
7.5 Conclusions 
 
An opposite trend to charge regulated self-assembly process of macroions to 
blackberries in acetone/water mixed solvents was attributed to specific hydrogen 
bonding. Increasing the temperature was shown to reduce the overall attraction among 
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macrions suggesting a weaker effect of hydrogen bonding. The opposite trend was then 
reversed to the normal trend when HFIP was introduced to the system instead of acetone. 
When HFIP is present, the macroions rather form hydrogen bonds with the solvent rather 
other macroions, suggesting that counterion mediated attraction becomes the dominant 
force. We believe that the work in this manuscript will add a new flavor to the self-
assembly process of macrions through specific hydrogen bonding. 
 
Figure 7.8 A model summarizing the self-assembly behavior of 1. The blue dots 
emphasize the presence of counterions. Green dots emphasize the strength of hydrogen 
bonding. 
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CHAPTER VIII 
 
SOLUTION BEHAVIOUR OF A POLYMER WITH POM INORGANIC 
MOLECULAR CLUSTERS ON ITS MAIN CHAIN 
 
8.1 Introduction 
 
As mentioned in the previous chapters, POMs are inorganic molecules that are 
widely applied in many different aspects. However, due to their charged and hydrophilic 
surfaces, their application is somewhat limited to aqueous or hydrophilic 
systems.
120
 Thus, incorporating hydrophobic groups into POMs to extend their 
functionality to the organic media is important and can be done in two ways: (a) the use 
of counterions that have long alkyl chains (charged surfactants) to precipitate the POMs 
from aqueous solutions and re-dissolve them in organic media – this is known as 
surfactant encapsulated POMs (SEP)
120
 – or (b) chemically link organic groups on the 
surface of POMs to create organic–inorganic hybrid materials that have the properties of 
both the inorganic POMs and the organic groups that are attached to it.
121
 Some examples 
include: (1) attaching one or more alkyl chains to POMs in order to create POM 
surfactants that are capable of stabilizing emulsion particles,
122
 (2) attaching light-
sensitive organic molecules such as coumarin,
12
 pyrene,
123
 and porphyrin
124
  to create 
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photoconductive materials, (3) attaching peptide chains
125
 and nucleic acid groups
126
 to 
mimic biological molecules, (4) attaching triangular linkers such as 1,3,5-benzene 
tricarboxylate to create POM-based organic frameworks (POMOFs)
127
 and (5) 
incorporating of POMs into conjugated polymers to create photovoltaic materials and 
devices.
127
 
For the past decade, our group have been studying the solution behaviour of 
POMs in solutions. It was shown that POMs can attract each other through counterion 
mediated attraction when carrying moderate charges on their surface. Thus it is 
interesting to see how a polymer containing POMs within its structure can behave in 
solution. It was shown earlier that polymers with POMs in the side chains aggregate in 
solution through solvophobic-solvophilic interactions.
55
 Expanding similar studies to 
polymers containing POMs in the main chain is essential to understand how polymers 
with very rigid backbone behave in solution. In this chapter, the solution behaviour of a 
polymer (1) whose structure is shown in Figure 8.1 will be discussed in detail.
128
 The 
polymer was synthesized by a palladium catalysed coupling reaction of a diiodo-
functionalized POM cluster with 2,5-di(2,2-dimethylpropoxy-1,4-diethynyl)benzene in 
DMF. The POM is a hexamolybdate derivative that is balanced by two 
tetrabutylammonium (TBA
+
) counterions. The resulting polymer is soluble in DMF.
129
  
8.2 Results and Discussion 
 
The molecular weight of 1 was calculated using static light scattering (SLS) by 
creating a Zimm plot (Figure 8.3). Four samples were prepared in DMF with 
concentrations being 1.0, 3.0, 4.0 and 5.0 mg/mL. 
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Figure 8.1 The synthetic route for the polymer containing POM in its main chain (1). 
Reproduced from Ref. 128 with permission from the Centre National de la Recherche 
Scientifique (CNRS) and The Royal Society of Chemistry. 
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Figure 8.2 NMR Spectrum confirming the structure of 1. Reproduced from Ref. 128 with 
permission from the Centre National de la Recherche Scientifique (CNRS) and The 
Royal Society of Chemistry. 
 
 
The angular dependence of the scattered intensity was measured between angles 
50
o
 and 120
o
 with two degree increments. The extrapolation of the data to concentration 
= 0 mg/mL and angle = 0
o
 was done using the Brookhaven Inc. Zimm plot software to 
compute a molecular weight of 9.25 ± 0.2 × 10
4
 g/mol and an average radius of gyration 
(Rg) of 29.0 ± 3.0 nm. In order to understand how this rigid polymer behaves in solution, 
the average length of the polymer chain must be known. The molecular weight of the 
monomer unit was calculated from the molecular formula to be 1.52 × 10
3 
g/mol, 
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suggesting that the polymer consists of about 60 monomer units. Thus, the length of the 
polymer chain corresponds to approximately 102 nm considering that the monomer 
dimensions are 1.0nm for the long arm and 0.7nm for the short arm. Using the expression 
for the Rg of a long rod, 𝑹𝒈
𝟐 =
𝒍𝟐
𝟏𝟐
 , where l is the length of the polymer chain, Rg is 
calculated to be 29.4 nm , which is very close to the Rg value obtained from the Zimm 
plot analysis of the static light scattering data, suggesting that the polymers chain exist in 
solution as long thin rigid rods.   
 
 
Figure 8.3 A Zimm plot of a series of polymer concentrations in DMF with extrapolation 
to zero angle and zero concentration. Reproduced from Ref. 128 with permission from 
the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of 
Chemistry. 
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The scattered intensity for a 0.5 mg/mL solution of 1 in DMF was very low, 
suggesting that the polymers exist as single chains in solution; this is expected as DMF is 
a very good solvent for this polymer. The scattered intensity increased when enough 
water (bad solvent) was added to the DMF solution of 1 (3 mL DMF solution with an 
initial polymer concentration of 0.5 mg/mL). Since the concentration of the sample is 
decreasing upon the addition of water, the growth of the scattered intensity when water 
was added is attributed to the formation of larger aggregates (Figure 8.4). 1 precipitates 
out of the solution when the water content reaches 45% vol.  
 
 
 
Figure 8.4 The increment of the scattered intensity upon the slow addition of water to 3.0 
mL of 0.5 mg/mL DMF solution of 1. (Error values are incorporated into the figure) 
Reproduced from Ref. 128 with permission from the Centre National de la Recherche 
Scientifique (CNRS) and The Royal Society of Chemistry. 
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Dynamic and static light scattering (DLS and SLS) were then used to characterize 
the assemblies in solution. Interestingly, the Rh for the aggregates in solution showed 
strong angular dependence. Comparing the Rg and Rh,0 of the particles in solution provides 
an insight into  the particle shape. The Rg/Rh,0 of 1.2 for all aggregates at water contents ≥ 
1.0 mL indicates the formation of anisotropic rods-like or cylindrical structures in 
solution. Transmission electron microscopy (TEM) images of the aggregates further 
confirmed the presence of cylindrical structures (Figure 8.5).  
Due to the high polarity and evaporation temperature of the DMF/water solvent 
mixture, it is unclear whether or not these observed anisotropic structures are hollow.  
Using the Image J software, the aggregates formed when titrating 2.0 mL of water into 3 
mL of 0.5 mg/mL DMF solution of 1 were analysed and the average length and radius (r) 
of the anisotropic aggregates were obtained by to be 247 ± 9 and 32.9 ± 1.9 nm, 
respectively. These values were then substituted in the expression, 𝑹𝒈
𝟐 =
𝒍𝟐
𝟏𝟐
+ 𝒓𝟐to 
calculate the radius of gyration of a hollow cylindrical structure and Rg of 78.4 ± 2.5 nm 
was obtained. This Rg value is quite consistent with the one obtained from the 
interpretation of the SLS data (81.0 nm), suggesting that these anisotropic structures are 
hollow cylindrical structures.  
Solvophobic-solvophillic interactions are expected to be the major driving 
force for the assembly of 1 into hollow cylindrical structures, since the presence of 
a bad solvent (water) is essential. Interestingly, the zeta potential changed from -
22.44 mV for the 0.5 mg/mL sample in DMF to -15.49 mV upon the titration of 
0.2 mL of water. This suggests that when more water is added, the counterions 
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(TBA
+
) prefer staying closer to the POMs of 1, thus reducing the overall charge of 
the backbone and inducing attractions between polymer chains. This attraction is 
known as counterion mediated attraction and is the same force that is responsible 
for the attraction of POMs and the formation of blackberry structures in solutions. 
UV-Vis spectroscopy was further used to understand the mechanism of the 
assembly behaviour of 1. No obvious red or blue shifts were detected from the 
absorption spectra (Figure 8.6) after the addition of water suggesting that the π-π 
interaction is not the driving force for the assemblies.
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Figure 8.5 TEM images of the anisotropic aggregates formed when adding (a) 1.0 mL, 
(b) 1.3 mL and (c) 2.0 mL of water into 3 mL of 0.5 mg/mL DMF solution of 1. 
Reproduced from Ref. 128 with permission from the Centre National de la Recherche 
Scientifique (CNRS) and The Royal Society of Chemistry. 
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Figure 8.6 UV-Vis Spectra showing no obvious change in the absorption spectra upon the 
titration of different amounts of water to 3.0 mL of 0.5 mg/mL solution of 1 in DMF. 
Reproduced from Ref. 128 with permission from the Centre National de la Recherche 
Scientifique (CNRS) and The Royal Society of Chemistry. 
 
 
Figure 8.7 A model showing the structure of 1 and the assembly behaviour into hollow 
cylindrical structures. Reproduced from Ref. 128 with permission from the Centre 
National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 
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8.3 Conclusion 
 
 Main chain POM-containing conjugated polymers appear to adopt a 
stretched or extended conformation in a “good” solvent. This conformation is 
favoured presumably because it can minimize the electrostatic repulsion between 
POM clusters and it may also be due to the rigidity of the organic conjugated 
segments bridging POM clusters. The addition of a “bad” solvent induces the 
aggregation process of the polymer chains into hollow cylindrical structures. The 
self-assembly process is found to be driven by counterion induced attractions, 
mimicking the self-assembly behaviour of small inorganic macroions. These 
discoveries help understand the polyelectrolyte behaviour of POM-containing rigid 
polymers. 
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CHAPTER IX 
 
 
SUMMARY 
 
As a result of the macroions’ nanometer size, both the Debye-Huckel and 
the DLVO theories fail to explain the solution behavior of macroions. It was 
shown that when dissolved in the dilute regime, macroions attract one another and 
self—assemble into hollow spherical blackberry-like structures. Their assembly 
process was monitored using a combination of laser light scattering and electron 
microscopy. The driving force for such assembly phenomena is considered to be 
the counterion-mediated attraction that was confirmed using SAXS. As a result of 
the charge regulated counterion-mediated assembly process, factors affecting the 
charge density around the macroion’s surface will have an effect on the blackberry 
size. For example, the addition of a less polar solvent such as acetone results in an 
enhanced counterion association process to the macroion’s surface; thus, reducing 
its charge density and increasing the attraction with other macroions and therefore, 
larger blackberries. Similarly, for weak electrolyte macroions whose charge 
density is sensitive to pH will result in larger blackberry structures at low pH as a 
result of their smaller degree of deprotonation compared to higher pH. The 
mechanism of the blackberry formation process is not yet well understood. It is
 125 
 
believed that an oligomer formation step is the rate limiting step for the assembly 
process. Macroions can undergo the self-recognition phenomena by recognizing 
their own type in a solution containing a mixture of two different macroionic 
species. It is believed that the charge density difference on the surface of the 
macroion is the driving factor for the recognition phenomena.  
In this dissertation, the self-recognition phenomenon among macroions is 
shown to be universal. Two large species are always present in solution of 
{Mo72Fe30} and {Mo72Cr30} at solutions of different pH confirming that the self -
recognition process is valid when both clusters carry high and low charges. 
Moreover, it is also shown here that rod-like blackberries can exist in solution 
when macroions carry anisotropic surface charge density distribution. In 
acetone/water mixed solvent the counterion mediated process is dominant 
suggesting that the interaction among macroions is directional. When the acetone 
is replaced by methanol, regular spherical blackberry-like structures are present in 
solution as a result of the strong contribution from the non-directional hydrogen 
bonding.  
Since it was shown that hydrogen bonding indeed contribute to the self-
assembly behavior of macroions, studies of the effects of the different specific 
interactions were studied. First, the effect of specific hydrophobic interaction was 
studied by incorporating phenyl groups on the surface of macroions. The presence 
of these hydrophobic groups causes the trend of blackberry size vs. the solvent 
polarity to be opposite to the normal charge regulated process. The reason is 
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mainly due to the fact that when the polarity of the solvent decreases, these 
hydrophobic groups start to interact with the solvent rather that interacting with 
themselves, thus decreasing the overall attraction among macroions. Second, the 
effect of specific hydrogen bonding interaction was probed using POM clusters 
having cores that prefer the hydrogen bonding interaction. When dissolved in 
acetone/water mixed solvents, the blackberry size decreases with more acetone as 
a result of hydrogen bonding breaking. Interestingly, when acetone is replaced by 
HFIP the blackberry size vs. solvent polarity trend is reverted back to the normal 
charged regulated self-assembly process confirming the contribution from 
hydrogen bonds. 
 Finally, the counterion mediated self-assembly process was shown to be 
extended into rigid polymer systems with POM clusters within their main chains. 
The polymers exist as thin rods in DMF solution. The presence of water (bad 
solvent) causes the polymers in solution to aggregate as a result of counterion 
association as confirmed by zeta potential measurements.   
 
 
 
 
 
 
 
127 
REFERENCES 
1. Pitzer, K. S., Electrolyte theory - improvements since Debye and Hueckel.
Accounts of Chemical Research 1977, 10 (10), 371-377. 
2. Pashley, R., DLVO and hydration forces between mica surfaces in Li+, Na+,
K+, and Cs+ electrolyte solutions: a correlation of double-layer and hydration 
forces with surface cation exchange properties. Journal of Colloid and Interface 
Science 1981, 83 (2), 531-546. 
3. Liu, T., An Unusually Slow Self-Assembly of Inorganic Ions in Dilute Aqueous
Solution. Journal of the American Chemical Society 2003, 125 (2), 312-313. 
4. Müller, A.; Serain, C., Soluble Molybdenum Blues“des Pudels Kern”†.
Accounts of Chemical Research 2000, 33 (1), 2-10. 
5. Yoneya, M.; Tsuzuki, S.; Yamaguchi, T.; Sato, S.; Fujita, M., Coordination-
Directed Self-Assembly of M12L24 Nanocage: Effects of Kinetic Trapping on the 
Assembly Process. ACS Nano 2014, 8 (2), 1290-1296. 
6. Li, G.; Wang, L.; Ni, H.; Pittman, C., Jr., Polyhedral Oligomeric Silsesquioxane
(POSS) Polymers and Copolymers: A Review. Journal of Inorganic and 
Organometallic Polymers 2001, 11 (3), 123-154. 
7. Qiu, J.; Burns, P. C., Clusters of Actinides with Oxide, Peroxide, or Hydroxide
Bridges. Chemical Reviews 2013, 113 (2), 1097-1120. 
8. Long, D.-L.; Tsunashima, R.; Cronin, L., Polyoxometalates: Building Blocks
for Functional Nanoscale Systems. Angewandte Chemie International Edition 
2010, 49 (10), 1736-1758. 
9. Coronado, E.; Day, P., Magnetic Molecular Conductors. Chemical Reviews
2004, 104 (11), 5419-5448. 
10. Sap, A.; Absillis, G.; Parac-Vogt, T. N., Selective hydrolysis of oxidized
insulin chain B by a Zr(iv)-substituted Wells-Dawson polyoxometalate. Dalton 
Transactions 2015, 44 (4), 1539-1548. 
11. Wang, R.; Li, Y.; Shetye, K.; Dutta, T.; Jin, L.; Li, S.; Peng, Z.,
Luminescent Polythiophene-Based Main-Chain Polyoxometalate-Containing 
Conjugated Polymers with Improved Solar-Cell Performance. European Journal of 
Inorganic Chemistry 2015, 2015 (4), 656-663.  
128 
12. Tong, U.; Chen, W.; Ritchie, C.; Wang, X.; Song, Y.-F., Reversible Light-
Driven Polymerization of Polyoxometalate Tethered with Coumarin Molecules. 
Chemistry – A European Journal 2014, 20 (6), 1500-1504. 
13. Schreiber, R. E.; Cohen, H.; Leitus, G.; Wolf, S. G.; Zhou, A.; Que, L.;
Neumann, R., Reactivity and O2 Formation by Mn(IV)- and Mn(V)-Hydroxo 
Species Stabilized within a Polyfluoroxometalate Framework. Journal of the 
American Chemical Society 2015, 137 (27), 8738-8748. 
14. Rhule, J. T.; Hill, C. L.; Judd, D. A.; Schinazi, R. F., Polyoxometalates in
Medicine. Chemical Reviews 1998, 98 (1), 327-358. 
15. Busche, C.; Vila-Nadal, L.; Yan, J.; Miras, H. N.; Long, D.-L.; Georgiev,
V. P.; Asenov, A.; Pedersen, R. H.; Gadegaard, N.; Mirza, M. M.; Paul, D. J.; 
Poblet, J. M.; Cronin, L., Design and fabrication of memory devices based on 
nanoscale polyoxometalate clusters. Nature 2014, 515 (7528), 545-549. 
16. Pope, M.; Müller, A., Polyoxometalate chemistry from topology via self-
assembly to applications. Springer Science & Business Media: 2001. 
17. Pope, M. T.; Müller, A., Polyoxometalate Chemistry: An Old Field with
New Dimensions in Several Disciplines. Angewandte Chemie International 
Edition in English 1991, 30 (1), 34-48. 
18. Hill, C. L., Introduction:  PolyoxometalatesMulticomponent Molecular
Vehicles To Probe Fundamental Issues and Practical Problems. Chemical Reviews 
1998, 98 (1), 1-2. 
19. Yin, P.; Li, D.; Liu, T., Counterion Interaction and Association in Metal-
Oxide Cluster Macroanionic Solutions and the Consequent Self-Assembly. Israel 
Journal of Chemistry 2011, 51 (2), 191-204. 
20. Lopez, X.; Carbo, J. J.; Bo, C.; Poblet, J. M., Structure, properties and
reactivity of polyoxometalates: a theoretical perspective. Chemical Society 
Reviews 2012, 41 (22), 7537-7571. 
21. Jeannin, Y. P., The Nomenclature of Polyoxometalates:  How To Connect a
Name and a Structure. Chemical Reviews 1998, 98 (1), 51-76. 
22. Pauling, L., THE MOLECULAR STRUCTURE OF THE 
TUNGSTOSILICATES AND RELATED COMPOUNDS. Journal of the 
American Chemical Society 1929, 51 (10), 2868-2880. 
23. Keggin, J., Structure of the molecule of 12-phosphotungstic acid. Nature
1933, 131 (3321), 908-909. 
24. Neyman, A.; Wang, Y.; Sharet, S.; Varsano, N.; Botar, B.; Kogerler, P.;
Meshi, L.; Weinstock, I. A., Polyoxometalate-directed assembly of water-soluble 
AgCl nanocubes. Chemical Communications 2012, 48 (16), 2207-2209. 
129 
25. James, F.; Anderson, J.; Briscoe, H., Interchange of Hydrogen Isotopes in
Complex Cobaltammines. Nature 1937, 139, 109-109. 
26. Dawson, B., The structure of the 9 (18)-heteropoly anion in potassium 9
(18)-tungstophosphate, K6 (P2W18O62). 14H2O. Acta Crystallographica 1953, 6 
(2), 113-126. 
27. Izarova, N. V.; Pope, M. T.; Kortz, U., Noble Metals in Polyoxometalates.
Angewandte Chemie International Edition 2012, 51 (38), 9492-9510. 
28. Izarova, N. V.; Banerjee, A.; Kortz, U., Noble Metals in Polyoxometalate
Chemistry: Palladium-Containing Derivatives of the Monolacunary Keggin and 
Wells–Dawson Tungstophosphates. Inorganic Chemistry 2011, 50 (20), 10379-
10386. 
29. (a) Müller, A.; Meyer, J.; Krickemeyer, E.; Diemann, E., Molybdenum
Blue: A 200 Year Old Mystery Unveiled. Angewandte Chemie International 
Edition in English 1996, 35 (11), 1206-1208; (b) Müller, A.; Roy, S., En route 
from the mystery of molybdenum blue via related manipulatable building blocks to 
aspects of materials science. Coordination Chemistry Reviews 2003, 245 (1–2), 
153-166. 
30. Liu, T.; Diemann, E.; Li, H.; Dress, A. W. M.; Muller, A., Self-assembly in
aqueous solution of wheel-shaped Mo154 oxide clusters into vesicles. Nature 
2003, 426 (6962), 59-62. 
31. Müller, A.; Kögerler, P., From simple building blocks to structures with
increasing size and complexity. Coordination Chemistry Reviews 1999, 182 (1), 3-
17. 
32. Kortz, U.; Müller, A.; van Slageren, J.; Schnack, J.; Dalal, N. S.; Dressel,
M., Polyoxometalates: Fascinating structures, unique magnetic properties. 
Coordination Chemistry Reviews 2009, 253 (19–20), 2315-2327. 
33. Liu, T.; Imber, B.; Diemann, E.; Liu, G.; Cokleski, K.; Li, H.; Chen, Z.;
Müller, A., Deprotonations and Charges of Well-Defined {Mo72Fe30} Nanoacids 
Simply Stepwise Tuned by pH Allow Control/Variation of Related Self-Assembly 
Processes. Journal of the American Chemical Society 2006, 128 (49), 15914-
15920. 
34. Müller, A.; Sarkar, S.; Shah, S. Q. N.; Bögge, H.; Schmidtmann, M.;
Sarkar, S.; Kögerler, P.; Hauptfleisch, B.; Trautwein, A. X.; Schünemann, V., 
Archimedean Synthesis and Magic Numbers: “Sizing” Giant Molybdenum-Oxide-
Based Molecular Spheres of the Keplerate Type. Angewandte Chemie 
International Edition 1999, 38 (21), 3238-3241. 
35. Todea, A. M.; Merca, A.; Bögge, H.; van Slageren, J.; Dressel, M.;
Engelhardt, L.; Luban, M.; Glaser, T.; Henry, M.; Müller, A., Extending the 
{(Mo)Mo5}12M30 Capsule Keplerate Sequence: A {Cr30} Cluster of S=3/2 
Metal Centers with a {Na(H2O)12} Encapsulate. Angewandte Chemie 
International Edition 2007, 46 (32), 6106-6110. 
130 
36. Müller, A.; Krickemeyer, E.; Bögge, H.; Schmidtmann, M.; Peters, F.,
Organizational Forms of Matter: An Inorganic Super Fullerene and Keplerate 
Based on Molybdenum Oxide. Angewandte Chemie International Edition 1998, 37 
(24), 3359-3363. 
37. Müller, A.; Krickemeyer, E.; Meyer, J.; Bögge, H.; Peters, F.; Plass, W.;
Diemann, E.; Dillinger, S.; Nonnenbruch, F.; Randerath, M.; Menke, C., 
[Mo154(NO)14O420(OH)28(H2O)70](25 ± 5)−: A Water-Soluble Big Wheel with 
More than 700 Atoms and a Relative Molecular Mass of About 24000. 
Angewandte Chemie International Edition in English 1995, 34 (19), 2122-2124. 
38. Fang, X.; Kögerler, P.; Furukawa, Y.; Speldrich, M.; Luban, M., Molecular
Growth of a Core–Shell Polyoxometalate. Angewandte Chemie International 
Edition 2011, 50 (22), 5212-5216. 
39. Howell, R. C.; Perez, F. G.; Jain, S.; DeW. Horrocks, J. W.; Rheingold, A.
L.; Francesconi, L. C., A New Type of Heteropolyoxometalates formed from 
Lacunary Polyoxotungstate Ions and Europium or Yttrium Cations. Angewandte 
Chemie 2001, 113 (21), 4155-4158. 
40. Burns, P. C.; Kubatko, K.-A.; Sigmon, G.; Fryer, B. J.; Gagnon, J. E.;
Antonio, M. R.; Soderholm, L., Actinyl Peroxide Nanospheres. Angewandte 
Chemie International Edition 2005, 44 (14), 2135-2139. 
41. Sigmon, G. E.; Ling, J.; Unruh, D. K.; Moore-Shay, L.; Ward, M.; Weaver,
B.; Burns, P. C., Uranyl−Peroxide Interactions Favor Nanocluster Self-Assembly. 
Journal of the American Chemical Society 2009, 131 (46), 16648-16649. 
42. Ling, J.; Qiu, J.; Sigmon, G. E.; Ward, M.; Szymanowski, J. E. S.; Burns, P.
C., Uranium Pyrophosphate/Methylenediphosphonate Polyoxometalate Cage 
Clusters. Journal of the American Chemical Society 2010, 132 (38), 13395-13402. 
43. Dumetz, A. C.; Chockla, A. M.; Kaler, E. W.; Lenhoff, A. M., Protein
Phase Behavior in Aqueous Solutions: Crystallization, Liquid-Liquid Phase 
Separation, Gels, and Aggregates. Biophysical Journal 2008, 94 (2), 570-583. 
44. Liu, T., Hydrophilic Macroionic Solutions: What Happens When Soluble
Ions Reach the Size of Nanometer Scale? Langmuir 2010, 26 (12), 9202-9213. 
45. Li, J.; Ngai, T.; Wu, C., The slow relaxation mode: from solutions to gel
networks. Polym J 2010, 42 (8), 609-625. 
46. Hückel, E.; Debye, P., The theory of electrolytes. I. Lowering of freezing
point and related phenomena. Phys. Zeitschrift 1923, 24, 185-206. 
47. Atkins, P.; de Paula, J., Physical Chemistry Volume 1: Thermodynamics
and Kinetics. Macmillan Higher Education: 2009. 
48. Laidler, K.; Meiser, J., Physical Chemistry. Boston, MA: Houghton Mifflin
Company: 1999. 
131 
49. Hiemenz, P. C.; Rajagopalan, R., Principles of Colloid and Surface
Chemistry, revised and expanded. CRC press: 1997; Vol. 14. 
50. Torrie, G. M.; Valleau, J. P., Electrical double layers. 4. Limitations of the
Gouy-Chapman theory. The Journal of Physical Chemistry 1982, 86 (16), 3251-
3257. 
51. Napper, D. H., Colloid Stability. Product R&D 1970, 9 (4), 467-477.
52. Kistler, M. L., Molecular Recognition and Size Control of Nanosized Self-
assembled Polyoxometalate Structures. ProQuest: 2009. 
53. Israelachvili, J. N., Intermolecular and surface forces: revised third edition.
Academic press: 2011. 
54. Sano, M.; Okamura, J.; Shinkai, S., Colloidal Nature of Single-Walled
Carbon Nanotubes in Electrolyte Solution:  The Schulze−Hardy Rule. Langmuir 
2001, 17 (22), 7172-7173. 
55. Yin, P.; Li, D.; Liu, T., Solution behaviors and self-assembly of
polyoxometalates as models of macroions and amphiphilic polyoxometalate-
organic hybrids as novel surfactants. Chemical Society Reviews 2012, 41 (22), 
7368-7383. 
56. Schurr, J. M.; Schmitz, K. S., Dynamic Light Scattering Studies of
Biopolymers: Effects of Charge, Shape, and Flexibility. Annual Review of Physical 
Chemistry 1986, 37 (1), 271-305. 
57. Provencher, S. W., CONTIN: A general purpose constrained regularization
program for inverting noisy linear algebraic and integral equations. Computer 
Physics Communications 1982, 27 (3), 229-242. 
58. Hu, T.; Wu, C., Clustering Induced Collapse of a Polymer Brush. Physical
Review Letters 1999, 83 (20), 4105-4107. 
59. Kistler, M. L.; Bhatt, A.; Liu, G.; Casa, D.; Liu, T., A Complete
Macroion−“Blackberry” Assembly−Macroion Transition with Continuously 
Adjustable Assembly Sizes in {Mo132} Water/Acetone Systems. Journal of the 
American Chemical Society 2007, 129 (20), 6453-6460. 
60. Kistler, M. L.; Liu, T.; Gouzerh, P.; Todea, A. M.; Muller, A.,
Molybdenum-oxide based unique polyprotic nanoacids showing different 
deprotonations and related assembly processes in solution. Dalton Transactions 
2009,  (26), 5094-5100. 
61. Ise, N.; Sogami, I., Structure formation in solution: Ionic polymers and
colloidal particles. Springer Science & Business Media: 2005. 
62. Pigga, J. M.; Kistler, M. L.; Shew, C.-Y.; Antonio, M. R.; Liu, T.,
Counterion Distribution around Hydrophilic Molecular Macroanions: The Source 
132 
of the Attractive Force in Self-Assembly. Angewandte Chemie International 
Edition 2009, 48 (35), 6538-6542. 
63. Zhang, B.; Pradeep, C. P.; Cronin, L.; Liu, T., Self-assembly of triangular
polyoxometalate-organic hybrid macroions in mixed solvents. Chemical 
Communications 2015, 51 (41), 8630-8633. 
64. Mishra, P. P.; Jing, J.; Francesconi, L. C.; Liu, T., Self-Assembly of
Yttrium-Containing Lacunary Polyoxotungstate Macroanions in Solution with 
Controllable Supramolecular Structure Size by pH or Solvent Content. Langmuir 
2008, 24 (17), 9308-9313. 
65. Kistler, M. L.; Patel, K. G.; Liu, T., Accurately Tuning the Charge on Giant
Polyoxometalate Type Keplerates through Stoichiometric Interaction with Cationic 
Surfactants. Langmuir 2009, 25 (13), 7328-7334. 
66. Pigga, J. M.; Teprovich, J. A.; Flowers, R. A.; Antonio, M. R.; Liu, T.,
Selective Monovalent Cation Association and Exchange around Keplerate 
Polyoxometalate Macroanions in Dilute Aqueous Solutions. Langmuir 2010, 26 
(12), 9449-9456. 
67. Zhang, J.; Liu, T.; Mal, S. S.; Kortz, U., Unique Supramolecular Assembly
of Wheel-Shaped Nanoscale Polyanions with a Hydrophobic Core. European 
Journal of Inorganic Chemistry 2010, 2010 (20), 3195-3200. 
68. Mal, S. S.; Nsouli, N. H.; Dickman, M. H.; Kortz, U., Organoruthenium
derivative of the cyclic [H7P8W48O184]33- anion: [{K(H2O)}3{Ru(p-
cymene)(H2O)}4P8W49O186(H2O)2]27. Dalton Transactions 2007,  (25), 2627-
2630. 
69. Liu, G.; Liu, T.; Mal, S. S.; Kortz, U., Wheel-Shaped Polyoxotungstate
[Cu20Cl(OH)24(H2O)12(P8W48O184)]25- Macroanions Form Supramolecular 
“Blackberry” Structure in Aqueous Solution. Journal of the American Chemical 
Society 2006, 128 (31), 10103-10110. 
70. Zhang, J.; Li, D.; Liu, G.; Glover, K. J.; Liu, T., Lag Periods During the
Self-Assembly of {Mo72Fe30} Macroions: Connection to the Virus Capsid 
Formation Process. Journal of the American Chemical Society 2009, 131 (42), 
15152-15159. 
71. Liu, T.; Langston, M. L. K.; Li, D.; Pigga, J. M.; Pichon, C.; Todea, A. M.;
Müller, A., Self-Recognition Among Different Polyprotic Macroions During 
Assembly Processes in Dilute Solution. Science 2011, 331 (6024), 1590-1592. 
72. Yin, P.; Zhang, J.; Li, T.; Zuo, X.; Hao, J.; Warner, A. M.; Chattopadhyay,
S.; Shibata, T.; Wei, Y.; Liu, T., Self-Recognition of Structurally Identical, Rod-
Shaped Macroions with Different Central Metal Atoms during Their Assembly 
Process. Journal of the American Chemical Society 2013, 135 (11), 4529-4536. 
73. Yin, P.; Zhang, Z.-M.; Lv, H.; Li, T.; Haso, F.; Hu, L.; Zhang, B.; Bacsa, J.;
Wei, Y.; Gao, Y.; Hou, Y.; Li, Y.-G.; Hill, C. L.; Wang, E.-B.; Liu, T., Chiral 
133 
recognition and selection during the self-assembly process of protein-mimic 
macroanions. Nat Commun 2015, 6. 
74. Hulst, H. C.; Van De Hulst, H., Light scattering by small particles. Courier
Corporation: 1957. 
75. Eidenschink, H. H.; Eidenschink, M., Scattering of light beam by tyndall
effect. Google Patents: 1981. 
76. Chu, B., Laser Light Scattering. Annual Review of Physical Chemistry
1970, 21 (1), 145-174. 
77. Burchard, W., Static and dynamic light scattering from branched polymers
and biopolymers. Springer: 1983. 
78. Stevens, M. P., Polymer chemistry. Oxford University Press New York:
1990. 
79. Chu, B., Dynamic Light Scattering. In Soft Matter Characterization,
Borsali, R.; Pecora, R., Eds. Springer Netherlands: 2008; pp 335-372. 
80. Schärtl, W., Light scattering from polymer solutions and nanoparticle
dispersions. Springer 2007. 
81. Chu, B.; Liu, T., Characterization of Nanoparticles by Scattering
Techniques. Journal of Nanoparticle Research 2000, 2 (1), 29-41. 
82. Hunter, R. J., Chapter 2 - Charge and Potential Distribution at Interfaces. In
Zeta Potential in Colloid Science, Hunter, R. J., Ed. Academic Press: 1981; pp 11-
58. 
83. Hunter, R. J., Chapter 3 - The Calculation of Zeta Potential. In Zeta
Potential in Colloid Science, Hunter, R. J., Ed. Academic Press: 1981; pp 59-124. 
84. Williams, D.; Carter, C. B., The Transmission Electron Microscope. In
Transmission Electron Microscopy, Springer US: 1996; pp 3-17. 
85. Ounsi, H. F.; Al-Shalan, T.; Salameh, Z.; Grandini, S.; Ferrari, M.,
Quantitative and Qualitative Elemental Analysis of Different Nickel–Titanium 
Rotary Instruments by Using Scanning Electron Microscopy and Energy 
Dispersive Spectroscopy. Journal of Endodontics 2008, 34 (1), 53-55. 
86. Yin, P.; Bayaguud, A.; Cheng, P.; Haso, F.; Hu, L.; Wang, J.; Vezenov, D.;
Winans, R. E.; Hao, J.; Li, T.; Wei, Y.; Liu, T., Spontaneous Stepwise Self-
Assembly of a Polyoxometalate–Organic Hybrid into Catalytically Active One-
Dimensional Anisotropic Structures. Chemistry – A European Journal 2014, 20 
(31), 9589-9595. 
87. Nyman, M.; Burns, P. C., A comprehensive comparison of transition-metal
and actinyl polyoxometalates. Chemical Society Reviews 2012, 41 (22), 7354-
7367. 
134 
88. Landsmann, S.; Lizandara-Pueyo, C.; Polarz, S., A New Class of
Surfactants with Multinuclear, Inorganic Head Groups. Journal of the American 
Chemical Society 2010, 132 (14), 5315-5321. 
89. Yaqub, M.; Walsh, J. J.; Keyes, T. E.; Proust, A.; Rinfray, C.; Izzet, G.;
McCormac, T.; Forster, R. J., Electron Transfer to Covalently Immobilized Keggin 
Polyoxotungstates on Gold. Langmuir 2014, 30 (15), 4509-4516. 
90. Lv, H.; Geletii, Y. V.; Zhao, C.; Vickers, J. W.; Zhu, G.; Luo, Z.; Song, J.;
Lian, T.; Musaev, D. G.; Hill, C. L., Polyoxometalate water oxidation catalysts and 
the production of green fuel. Chemical Society Reviews 2012, 41 (22), 7572-7589. 
91. Haso, F.; Li, D.; Garai, S.; Pigga, J. M.; Liu, T., Self-Recognition Between
Two Almost Identical Macroions During Their Assembly: The Effects of pH and 
Temperature. Chemistry – A European Journal 2015, 21 (38), 13234-13239. 
92. Liu, G.; Liu, T., Thermodynamic Properties of the Unique Self-Assembly of
{Mo72Fe30} Inorganic Macro-Ions in Salt-Free and Salt-Containing Aqueous 
Solutions. Langmuir 2005, 21 (7), 2713-2720. 
93. Banerjee, A.; Bassil, B. S.; Roschenthaler, G.-V.; Kortz, U., Diphosphates
and diphosphonates in polyoxometalate chemistry. Chemical Society Reviews 
2012, 41 (22), 7590-7604. 
94. Li, D.; Zhang, J.; Landskron, K.; Liu, T., Spontaneous Self-Assembly of
Metal−Organic Cationic Nanocages to Form Monodisperse Hollow Vesicles in 
Dilute Solutions. Journal of the American Chemical Society 2008, 130 (13), 4226-
4227. 
95. Zhou, J.; Yin, P.; Hu, L.; Haso, F.; Liu, T., Self-Assembly of
Subnanometer-Scaled Polyhedral Oligomeric Silsesquioxane (POSS) Macroions in 
Dilute Solution. European Journal of Inorganic Chemistry 2014, 2014 (27), 4593-
4599. 
96. Haso, F.; Fang, X.; Yin, P.; Li, D.; Ross, J. L.; Liu, T., The self-assembly of
a macroion with anisotropic surface charge density distribution. Chemical 
Communications 2013, 49 (6), 609-611. 
97. Miras, H. N.; Vila-Nadal, L.; Cronin, L., Polyoxometalate based open-
frameworks (POM-OFs). Chemical Society Reviews 2014, 43 (16), 5679-5699. 
98. Liu, T., Supramolecular Structures of Polyoxomolybdate-Based Giant
Molecules in Aqueous Solution. Journal of the American Chemical Society 2002, 
124 (37), 10942-10943. 
99. Sinfelt, J. H.; Yates, D. J. C., Catalytic hydrogenolysis of ethane over the
noble metals of Group VIII. Journal of Catalysis 1967, 8 (1), 82-90. 
100. Chubarova, E. V.; Dickman, M. H.; Keita, B.; Nadjo, L.; Miserque, F.; 
Mifsud, M.; Arends, I. W. C. E.; Kortz, U., Self-Assembly of a 
 135 
 
Heteropolyoxopalladate Nanocube: [PdII13AsV8O34(OH)6]8−. Angewandte 
Chemie International Edition 2008, 47 (49), 9542-9546. 
 
101. Stracke, J. J.; Finke, R. G., Distinguishing Homogeneous from 
Heterogeneous Water Oxidation Catalysis when Beginning with Polyoxometalates. 
ACS Catalysis 2014, 4 (3), 909-933. 
 
102. Zhu, Y.; Yin, P.; Xiao, F.; Li, D.; Bitterlich, E.; Xiao, Z.; Zhang, J.; Hao, J.; 
Liu, T.; Wang, Y.; Wei, Y., Bottom-Up Construction of POM-Based 
Macrostructures: Coordination Assembled Paddle-Wheel Macroclusters and Their 
Vesicle-like Supramolecular Aggregation in Solution. Journal of the American 
Chemical Society 2013, 135 (45), 17155-17160. 
 
103. Haso, F.; Yang, P.; Gao, Y.; Yin, P.; Li, H.; Li, T.; Kortz, U.; Liu, T., 
Exploring the Effect of Surface Functionality on the Self-Assembly of 
Polyoxopalladate Macroions. Chemistry – A European Journal 2015, 21 (25), 
9048-9052. 
 
104. Scullion, R. A.; Surman, A. J.; Xu, F.; Mathieson, J. S.; Long, D.-L.; Haso, 
F.; Liu, T.; Cronin, L., Exploring the Symmetry, Structure, and Self-Assembly 
Mechanism of a Gigantic Seven-Fold Symmetric {Pd84} Wheel. Angewandte 
Chemie International Edition 2014, 53 (38), 10032-10037. 
 
105. Li, D.; Zhou, W.; Landskron, K.; Sato, S.; Kiely, C. J.; Fujita, M.; Liu, T., 
Viral-Capsid-Type Vesicle-Like Structures Assembled from M12L24 Metal–
Organic Hybrid Nanocages. Angewandte Chemie International Edition 2011, 50 
(22), 5182-5187. 
 
106. Snyder, P. W.; Mecinović, J.; Moustakas, D. T.; Thomas, S. W.; Harder, 
M.; Mack, E. T.; Lockett, M. R.; Héroux, A.; Sherman, W.; Whitesides, G. M., 
Mechanism of the hydrophobic effect in the biomolecular recognition of 
arylsulfonamides by carbonic anhydrase. Proceedings of the National Academy of 
Sciences 2011, 108 (44), 17889-17894. 
 
107. Hanessian, S.; Simard, M.; Roelens, S., Molecular Recognition and Self-
Assembly by Non-amidic Hydrogen Bonding. An Exceptional Assembler of 
Neutral and Charged Supramolecular Structures. Journal of the American 
Chemical Society 1995, 117 (29), 7630-7645. 
 
108. Stellato, F.; Menestrina, G.; Serra, M.; Potrich, C.; Tomazzolli, R.; Meyer-
Klaucke, W.; Morante, S., Metal binding in amyloid β-peptides shows intra- and 
inter-peptide coordination modes. Eur Biophys J 2006, 35 (4), 340-351. 
 
109. Feng, J.; Ruckenstein, E., Self-recognition and aggregation between diblock 
(charged/neutral) polyelectrolytes by Monte Carlo simulations. The Journal of 
Chemical Physics 2006, 124 (12), 124913. 
 
110. Inoue, Y.; Hakushi, T.; Liu, Y.; Tong, L.; Shen, B.; Jin, D., 
Thermodynamics of molecular recognition by cyclodextrins. 1. Calorimetric 
titration of inclusion complexation of naphthalenesulfonates with .alpha.-, .beta.-, 
136 
and .gamma.-cyclodextrins: enthalpy-entropy compensation. Journal of the 
American Chemical Society 1993, 115 (2), 475-481. 
111. Cerny, J.; Hobza, P., Non-covalent interactions in biomacromolecules. 
Physical Chemistry Chemical Physics 2007, 9 (39), 5291-5303. 
112. Serpe, M. J.; Craig, S. L., Physical Organic Chemistry of Supramolecular 
Polymers. Langmuir 2007, 23 (4), 1626-1634. 
113. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of self-assembly 
of hydrocarbon amphiphiles into micelles and bilayers. Journal of the Chemical 
Society, Faraday Transactions 2: Molecular and Chemical Physics 1976, 72 (0), 
1525-1568. 
114. Lalatonne, Y.; Richardi, J.; Pileni, M. P., Van der Waals versus dipolar 
forces controlling mesoscopic organizations of magnetic nanocrystals. Nat Mater 
2004, 3 (2), 121-125. 
115. Patri, A. K.; Kukowska-Latallo, J. F.; Baker Jr, J. R., Targeted drug 
delivery with dendrimers: Comparison of the release kinetics of covalently 
conjugated drug and non-covalent drug inclusion complex. Advanced Drug 
Delivery Reviews 2005, 57 (15), 2203-2214. 
116. Esfand, R.; Tomalia, D. A., Poly(amidoamine) (PAMAM) dendrimers: 
from biomimicry to drug delivery and biomedical applications. Drug Discovery 
Today 2001, 6 (8), 427-436. 
117. Ismail, A. H.; Bassil, B. S.; Yassin, G. H.; Keita, B.; Kortz, U., {W48} Ring 
Opening: Fe16-Containing, Ln4-Stabilized 49-Tungsto-8-Phosphate Open Wheel 
[Fe16O2(OH)23(H2O)9(P8W49O189)Ln4(H2O)20]11−. Chemistry – A European 
Journal 2012, 18 (20), 6163-6166. 
118. Artetxe, B.; Reinoso, S.; San Felices, L.; Lezama, L.; Pache, A.; Vicent, C.; 
Gutiérrez-Zorrilla, J. M., Rearrangement of a Krebs-Type Polyoxometalate upon 
Coordination of N,O-Bis(bidentate) Ligands. Inorganic Chemistry 2015, 54 (2), 
409-411. 
119. Zhou, J.; Yin, P.; Gao, Y.; Hu, L.; Liu, T., Spontaneous Self-Assembly of γ-
Cyclodextrins in Dilute Solutions with Tunable Sizes and Thermodynamic 
Stability. Chemistry – A European Journal 2015, 21 (26), 9563-9568. 
120. Li, D.; Yin, P.; Liu, T., Supramolecular architectures assembled from 
amphiphilic hybrid polyoxometalates. Dalton Transactions 2012, 41 (10), 2853-
2861. 
121. Landsmann, S.; Luka, M.; Polarz, S., Bolaform surfactants with 
polyoxometalate head groups and their assembly into ultra-small monolayer 
membrane vesicles. Nat Commun 2012, 3, 1299. 
137 
122. Yin, P.; Wang, J.; Xiao, Z.; Wu, P.; Wei, Y.; Liu, T., Polyoxometalate–
Organic Hybrid Molecules as Amphiphilic Emulsion Catalysts for Deep 
Desulfurization. Chemistry – A European Journal 2012, 18 (30), 9174-9178. 
123. Li, D.; Song, J.; Yin, P.; Simotwo, S.; Bassler, A. J.; Aung, Y.; Roberts, J. 
E.; Hardcastle, K. I.; Hill, C. L.; Liu, T., Inorganic–Organic Hybrid Vesicles with 
Counterion- and pH-Controlled Fluorescent Properties. Journal of the American 
Chemical Society 2011, 133 (35), 14010-14016. 
124. Schaming, D.; Allain, C.; Farha, R.; Goldmann, M.; Lobstein, S.; 
Giraudeau, A.; Hasenknopf, B.; Ruhlmann, L., Synthesis and Photocatalytic 
Properties of Mixed Polyoxometalate−Porphyrin Copolymers Obtained from 
Anderson-Type Polyoxomolybdates. Langmuir 2010, 26 (7), 5101-5109. 
125. Yvon, C.; Surman, A. J.; Hutin, M.; Alex, J.; Smith, B. O.; Long, D.-L.; 
Cronin, L., Polyoxometalate Clusters Integrated into Peptide Chains and as 
Inorganic Amino Acids: Solution- and Solid-Phase Approaches. Angewandte 
Chemie International Edition 2014, 53 (13), 3336-3341. 
126. He, Z.; Li, B.; Ai, H.; Li, H.; Wu, L., A processable hybrid supramolecular 
polymer formed by base pair modified polyoxometalate clusters. Chemical 
Communications 2013, 49 (73), 8039-8041. 
127. Nohra, B.; El Moll, H.; Rodriguez Albelo, L. M.; Mialane, P.; Marrot, J.; 
Mellot-Draznieks, C.; O’Keeffe, M.; Ngo Biboum, R.; Lemaire, J.; Keita, B.; 
Nadjo, L.; Dolbecq, A., Polyoxometalate-Based Metal Organic Frameworks 
(POMOFs): Structural Trends, Energetics, and High Electrocatalytic Efficiency for 
Hydrogen Evolution Reaction. Journal of the American Chemical Society 2011, 
133 (34), 13363-13374. 
128. Haso, F.; Wang, R.; He, J.; Luo, J.; Eghtesadi, S. A.; Peng, Z.; Liu, T., 
Solution behaviour of a polymer with polyoxometalate inorganic molecular 
clusters in its main chain. New Journal of Chemistry 2016. 
129. Lu, M.; Xie, B.; Kang, J.; Chen, F.-C.; Yang; Peng, Z., Synthesis of Main-
Chain Polyoxometalate-Containing Hybrid Polymers and Their Applications in 
Photovoltaic Cells. Chemistry of Materials 2005, 17 (2), 402-408. 
130. Halkyard, C. E.; Rampey, M. E.; Kloppenburg, L.; Studer-Martinez, S. L.; 
Bunz, U. H. F., Evidence of Aggregate Formation for 2,5-Dialkylpoly(p-
phenyleneethynylenes) in Solution and Thin Films. Macromolecules 1998, 31 (25), 
8655-8659. 
